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Abstract: An impact between the bullnose of a lock approach wall and a 
tow can result in the tow breaking up with loose barges moving out of con-
trol toward the lock or navigation dam. Serious consequences can occur. 
Project operations can be severely affected or even shut down. The loose 
barges can cause a high safety risk to personnel involved and if the naviga-
tion pool is lost, significant economic impacts may result. As part of a new 
Navigation Safety Initiatives Program established by General Don Riley 
(former Director of Civil Works for the Corps of Engineers), research was 
started to develop a structure that would help reduce or prevent lashing 
failures and loose barges due to an impact between a tow and a lock 
approach wall bullnose. This report provides the background and initial 
research that lead to the concept of a Deformable Bullnose Energy 
Absorbing System (BEAS). 

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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this report. Dr. John E. Hite, Jr. of the Navigation Branch, CHL, con-
ducted the allision studies for the rigid bullnoses at the three Corps locks 
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Martin, Director, CHL; Jose E. Sanchez, Deputy Director, CHL; 
Dr. Rose M. Kress, Chief, Navigation Division, CHL; and Dennis Webb, 
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members providing oversight and guidance for this research effort.  
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Unit Conversion Factors 

Multiply By To Obtain 

feet 0.3048 meters 

inches 0.0254 meters 

kips 1,000 pounds 

knots 0.5144444 meters per second 

miles (nautical) 1,852 meters 

miles (U.S. statute) 1,609.347 meters 

miles per hour 0.44704 meters per second 

pounds (force) 4.448222 newtons 

pounds (mass) 0.45359237 kilograms 

slugs 14.59390 kilograms 

tons (force) 2 kips 

tons (force) 8,896.443 newtons 

tons (force) per square foot 95.76052 kilopascals 

tons (long) per cubic yard 1,328.939 kilograms per cubic meter 

tons (2,000 pounds, mass) 907.1847 kilograms 

tons (2,000 pounds, mass) per square foot 9,764.856 kilograms per square meter 
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1 Introduction 
1.1 Background 

The number of navigation accidents on the inland waterways has 
increased in recent years. These allisions (see note below) from tows 
(barges) striking Corps navigation structures, locks, and dams cause loss 
of life, injury, economic loss, and property damage for the barge owners 
and for the Corps navigation structures. During the period between 2002 
and 2007, a total of 1010 navigation related incidents were identified in 
Corps Districts. As the structures age and deteriorate, they are becoming 
more susceptible to damages that jeopardize the Corps ability to perform 
its mission. The Headquarters, U.S. Army Corps of Engineers (USACE) 
expressed concerns regarding the frequency and severity of allisions to the 
navigation industry at the Inland Waterways Conference in Cincinnati, 
OH, on 6 March 2007 and in opening remarks by MG Don Riley at the 
Inland Waterways Users Board Meeting in New Orleans, LA, on 14 March 
2007. As a result of these concerns, the U.S. Army Engineer Research and 
Development Center (ERDC) was requested to conduct a study of energy 
absorbing measures that would help reduce the damage from allisions at 
navigation locks. 

NOTE: Allision is defined, see http://www.answers.com/topic/allision, as the act of 
dashing against or striking upon; it is often used to describe the action of 
one boat hitting against a stationary boat, or of the sea dashing against a 
boat. The word is commonly used in place of "collision" to distinguish that 
one of the objects was fixed. 

A team consisting of representatives from Corps Divisions, Districts and 
Research Labs was initially formed to develop a scope of work and a 
research and development plan. The initial team members were 

Robert Willis (retired)  LRD – Cincinnati, OH 

Kareem El-Naggar   LRD – Cincinnati, OH 

Chad Linna    LRD – Cincinnati, OH  

John Clarkson   LRD – Huntington, WV 

Robert Ebeling   ERDC – Vicksburg, MS 

John Hite    ERDC – Vicksburg, MS 
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Team members that have been added as the research has progressed are: 

William Chapman   LRD – Cincinnati, OH 

Kent Hokens    MVD – St. Paul, MN 

Tom Hood    Headquarters, USACE 

Jeff Maynard    LRD – Huntington, WV 

Larry Dalton    LRD – Louisville, KY 

Ralph Strom    Consultant 

Barry White    ERDC – Vicksburg, MS 

As the scope of the research has expanded so has the R&D team. ERDC 
researchers providing R&D support on specific R&D assignments are: 

Terry Warren   ERDC – Vicksburg, MS 

Bruce Barker    ERDC – Vicksburg, MS 

Fred Shirley    ERDC – Vicksburg, MS 

Rick Haskins    ERDC – Vicksburg, MS 

Representatives from Navigation Industry will be included as the research 
progresses. 

1.2 Team concept 

General Riley established this team to mitigate accidents associated with 
the use of Corps locks. Although the energy absorbing measures will not 
directly prevent bullnose allisions, it is hoped that the number of “tow 
breakups/loose barges” can be greatly reduced and subsequent cata-
strophic “barge in dam” type accidents can be seriously reduced. This is 
considered a high priority initiative with ERDC and has the full support of 
Headquarters. In the later stages of the research and development, 
Industry and Coast Guard involvement will be key to success. 

In the initial team meeting held in Cincinnati, OH in November 2007, a 
motion was voiced that John Clarkson be the Team Leader. The study will 
be under the jurisdiction of John Hite of ERDC. Bob Willis served as Team 
Leader during “start up” but John Clarkson became the permanent Team 
Leader for this initiative – Bob Willis participated actively the first year 
and future participation will be as his schedule allows. The team needs 
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good continuity. All team members agreed to these motions. Upon retire-
ment of Bob Willis in January, 2010, Bill Chapman assumed many of his 
duties for the team. 

1.3 Possible outcomes from bullnose allisions 

Bullnose allisions resulting in breaking up of tows and “loose barges” can 
result in a number of serious outcomes: 

1. Loose barges, in general, create a high safety risk to personnel involved. 
2. Loose barges which stay in the confines of the approach may strike lock 

gates or other floating plant in the area. This happened at Braddock Lock 
and Dam in June 2009 (see Figures 1.1a and 1.1b). At Montgomery Lock 
and Dam, the lift gate was destroyed as a result of impact by the loose 
barge on October 2006 (see Figures 1.2a and 1.2b). These are just a few of 
the many examples that can be cited. 

3. Barges may sustain enough damage to constitute a sinking risk which can 
be further complicated by the type cargo they are carrying. 

4. Barges from downbound bullnose allisions which end up on the dam may: 
a. Be retrieved at considerable risk to personnel and equipment before 

sinking or “flushing” through the dam. 
b. Sustain damage. Sink in front of the dam with loss of barge and cargo 

causing a costly salvage operation. 
c. Flush through the dam and sink with cargo below the dam or be safely 

retrieved below the dam – potential loss of barge, cargo and expensive 
salvage operation, half sunk barges moving downstream constitute 
another serious safety risk. 

d. Barges sink on the dam structure, typically wrapped around the piers 
or in the embayment (stilling basin). This situation is typically the 
worst and may cause a pool loss, serious erosion at the dam foundation 
and risky, costly salvage operations, not to mention loss of barges and 
cargo. This happened at Belleville Lock and Dam in 2005 (see 
Figure 1.3) and Smithland Lock and Dam in April 2005 (see 
Figure 1.4). 

Note that all the above scenarios can be extremely complicated/dangerous 
if hazardous cargo is involved. 
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Figure 1.1a. Barge blocking dam gate  

operations at Braddock Locks and Dam;  
far end of the barge resting on a pier. 

 
Figure 1.1b. Barge blocking dam gate operations at Braddock Locks and Dam;  

near end of the barge resting on a gate. 
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Figure 1.2a. Barges blocking dam gate operations at Montgomery 

Locks and Dam; two barges resting on a gate. 

 

 
Figure 1.2b. Barges blocking dam gate operations at Montgomery 

Locks and Dam; close-up view of the significant damage to the gate. 
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Figure 1.3. Barges blocking dam gate operations at Belleville Locks and Dam. 

 
Figure 1.4. Barges blocking dam gate operations at Smithland Locks and Dam. 



ERDC TR-10-7, Report 1 7 

 

1.4 Purpose and scope 

New engineering methodologies and new structural design concepts for 
bullnoses to mitigate/eliminate the potential for rupture of the lashings 
that then allow “break-away” barges to occur are being investigated by the 
Corps of Engineers. The efforts necessary to complete the investigation 
include the following: 

• Field data collection of barge train approach angles and approach 
velocities both rotational and translational at a selected project 

• Development of a probabilistic based procedure for processing the field 
velocity data captured in a limited time window 

• Numerical model development to determine the interaction of a 
deformable bullnose energy absorbing system with a barge train during 
impacts and the forces developing with the lashings of the barge train  

• Numerical modeling to determine lashing forces for varying project 
conditions and tow/lashing configurations 

• Development of a structural design to absorb energy and reduce 
potential for lashing failure. 

This report provides the background information and initial results of the 
investigation. 

1.5 Report contents 

Chapter 2 briefly discusses select examples of deformable/flexible systems 
in use today at hydraulic and navigation structures. 

Chapter 3 summarizes the results of an investigation of barge accidents 
involving impacts with lock approach walls and dam project conditions at 
the time of the allision at three Corps locks: Smithland Locks and Dam; 
Cannelton Locks and Dam; and Markland Locks and Dam. 

Chapter 4 summarizes the initial thoughts on the issues impacting the 
development of a structural system to be used at the bullnose end of lock 
approach walls to alleviate/mitigate the problem of bullnose allisions 
resulting in breaking up of tow (a.k.a., barge train) and “loose barges.” 
These thoughts led to the development of the Deformable Bullnose Energy 
Absorbing System (Deformable BEAS) concept, where some of the energy 
of the allision would be absorbed by the bullnose. 
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Chapter 5 describes initial systems investigated with respect to barge 
impact energy absorption capability, system performance evaluation using 
pushover analysis, and system evolution to the rubber isolator type 
systems described in Chapter 6. 

Chapter 6 discusses the evolution of Deformable BEAS concept designs 
with emphasis on the use of rubber base isolators and provides an over-
view of numerical modeling aspects for key features of the Deformable 
BEAS. 

Chapter 7 discusses (1) the ongoing and future research and development 
(R&D) tasks needed to formulate a complete engineering methodology for 
modeling the interactions of a barge train impacting a Deformable BEAS 
and the response of the lashings during this impact event; (2) the numeri-
cal model; and (3) the corresponding PC-based software to be used for 
analysis/design. 
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2 Representative Deformable Systems 
2.1 Introduction 

This chapter documents the representative energy absorbing technology or 
deformable systems that were discussed by team members during the bi-
monthly telephone conferences on this project. The systems discussed in 
this chapter are intended to document the concepts discussed by the group 
and are not intended as a complete literature review on the subject. 

2.2 Example fendering systems 

Fendering systems have been used for protection at a variety of projects 
for many years. Many techniques have been employed in an effort to 
protect bridge piers such as a floating collapsible wall shown on a 
waterway in Brazil in Figure 2.1. 

Bowers et al. (2005) designed a flexible fendering system to protect a tem-
porary New York City roadway in the East River. The system consists of 
two parts; (1) floating steel tubular berthing beams (Figure 2.2) that are 
strung between (2) buoyant steel dolphins (Figure 2.3). The tubular 
berthing beams possess deformable contact panels faced with ultrahigh-
molecular-weight polyethylene plastic to cushion impacts and prevent 
sparks. The dolphins are bargelike pontoons with size dictated by buoy-
ancy considerations for absorbing impact energy while restricting trans-
verse displacements. The fendering system was designed to deflect a vessel 
back into the channel rather than stop the vessel; a “glancing blow” situa-
tion similar to lock approach walls. Stopping a vessel, such as required 
with the bullnose energy absorbing structure, requires considerable 
strength.  

2.3 Dutch flexible fender wall for ships 

The Dutch have used flexible fender walls at ship locks to redirect ships 
back into the approach channel as shown in Figure 2.4 on the lower left. 
These walls have been constructed using a floating fender structure with 
fixed piles and a floating fender structure with floating piles as shown in 
Figure 2.5.  
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Figure 2.1. Floating collapsible wall for pier protection. 

 
Figure 2.2. Floating steel elements, tubular berthing beams of a flexible fender  

(courtesy of the New York Department of Transportation). 
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Figure 2.3. Buoyant dolphins of the flexible fender (courtesy of the New York 

Department of Transportation).  

 
Figure 2.4. Dutch approach wall. 
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Figure 2.5. Examples of Dutch fendering systems. 

2.3.1 Hydraulic concerns with flexible fender walls 

2.3.1.1 Outdraft currents 

The flexible fender wall could alter the surface currents in the upper 
approach to the lock. The guard walls are designed to try and balance the 
flow entering the lock approach between the ported guard wall and the 
landside banks with the flow that is directed toward the spillway at the 
upstream end of the guard wall. The flexible fender wall may direct more 
flow into the area between the guard wall and landside bank and would 
have a tendency to pin the tow on the guard wall. 

2.3.1.2 Ice and drift  

The angled shape of the wall toward the river would tend to direct more 
flow into the upper lock approach, which would attract more ice and drift 
into this area. Ice and drift can be a significant issue at many projects and 
any feature that increases the quantity should be avoided. An example of a 
flexible fendering system placed near the upper end of a guard wall is 
depicted in Figure 2.6. The figure shows how additional ice and drift 
would be directed toward the lock approaches.  
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Figure 2.6. Depiction of flexible fender wall (in red) at upstream end of guard wall. 

2.3.1.3 Hydrodynamic forces  

There will be hydrodynamic forces on the flexible fender wall that could be 
different than those with the Dutch and New York flexible fender walls 
designed for ships. During high flows at navigation projects, the flow vel-
ocities in the upper lock approach could at times be much higher than 
those in a tidal environment, which could result in significant hydro-
dynamic forces. 

2.3.2 Navigation concerns with the flexible fender walls 

There are also navigation concerns with the flexible fender wall. The tow 
pilots will often use features placed in the upper approach to help position 
themselves for entering the lock. If the flexible fender wall is used as a 
pivot point, it would not be rigid enough to help rotate the tow. Also if the 
wall is used to try and slide along for a downbound tow, it probably has too 
much movement to keep the tow straight and might result in an impact 
with the guard wall bullnose. 

The flexible fender wall can be beneficial in some locations; however, the 
forces encountered from impact between a fully loaded fifteen barge tow 
are tremendous and an energy absorbing system is preferable since the 
intent of the feature is to prevent lashing failures. The flexible fender wall 
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might be used along with the deformable bullnose in areas without 
significant outdraft, ice, or debris issues. 

A timber crib type wall, as shown in Figure 2.7, has also been used for 
fendering by the Dutch and at low lift locks in the United States. These 
wooden structural systems are much too light for head-on impacts with 
large tows.  

 
Figure 2.7. Dutch wooden fendering system. 
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3 Barge Impacts with Rigid Bullnoses 
3.1 Introduction 

An investigation was conducted to determine barge accidents involving 
impacts with lock approach walls. The information presented: 

• Demonstrates the need for a Deformable Bullnose Energy Absorbing 
System due to the frequency of allisions and, in the case of Cannelton 
Lock and Dam, current geometrical shortcomings, 

• Helps determine design requirements for the deformable structural 
system being developed, and  

• Helps to decide the best site for the initial prototype placement. 

3.2 Smithland Locks and Dam 

3.2.1 Smithland Locks and Dam project conditions 

The Smithland Lock upper middle wall has been considered as a potential 
location for installation of a deformable structural system. Since this wall 
receives contact from tows frequently, additional prototype design infor-
mation could be obtained much quicker at this site. Also, since this project 
already has twin 1,200-ft long lock chambers, any delays to navigation 
during construction would be minimal. Photos of the upper middle wall at 
Smithland Locks are shown in Figures 3.1 and 3.2. The range of upper pool 
elevations expected at Smithland Locks is between 324 and 341.1 Normal 
project operation consists of maintaining the upper pool near 324 by 
increasing the dam gate opening as the river flow increases until the gates 
are completely out of the flow and open river conditions occur. An over-
flow weir with a crest el of 326 is located on the left side (looking down-
stream) of the dam. Tows can navigate over this weir once the upper pool 
is high enough to provide clearance over the weir. It was reported that this 
has occurred two times (1991 and 1997) since the project went into opera-
tion in the early 1980s.  

                                                                 
1 Unless stated otherwise, all elevations (el) cited herein are in feet referred to National Geodetic Vertical 

Datum (NGVD) of 1929. 
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Figure 3.1. View of Smithland Locks upper middle wall from land side. 

 
Figure 3.2. View of Smithland Locks upper middle wall from river side. 
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Project personnel stated that navigation on the river usually ceases when 
the upper gage is 27.2 which is an upper pool el of 339.2. One of the con-
ditions described as being more difficult to navigate is when a strong 
“outdraft” exists. Outdraft is the crosscurrent that occurs in the upper 
approach due to discharge through the dam. The outdraft at Smithland 
Locks is considered the strongest when large gate openings are present 
and when the gates are completely out of the flow. This condition when all 
of the dam gates are raised out of the flow is commonly referred to as “All 
Out”. Several downbound tows have hit upper approach walls when all the 
gates have been in the all out condition. 

3.2.2 Smithland Locks accident records 

Accident records between January 1980 and December 2007 involving a 
tow impacting the upper approach walls at the Smithland Lock were 
reviewed. During this period, 105 allisions were reported and Table 3.1 
provides a list of the accident dates, the gate settings, the upper and lower 
gage readings, and the upper and lower pool elevations. Gage zero for the 
upper gage is el 312 and gage zero for the lower gage is el 290. Figure 3.3 
shows a bar chart of the upper pool elevations that existed when these 
allisions occurred during the period from 1981 to 2007. The 10 allisions 
reported in 1980 were thought to have occurred while the gates were not 
in the normal operating mode and are not included in Figure 3.3. This 
gives a total of 95 accidents reported between barge tows and the upper 
approach walls between 1981 and 2007. The maximum upper pool el 
reported was 336.8 in February 1989 and the minimum pool el was 323.2 
in March 1981. The mean and standard deviation for the 95 upper pool els 
shown in Figure 3.3 are 325.55 and 2.3, respectively. The upper pool el was 
between 323.2 and 330 in 90 of the 95 accidents. 

Figure 3.4 shows the total allisions per month reported during 1981 and 
2007. The month of March has the highest number and October has the 
lowest number. Figure 3.5 shows the allisions reported by month and 
upper pool el. The different colors indicate the number of allisions during 
that month and the upper pool el when that allision occurred. Of the 95 
accidents, 43 occurred when the gates were in the “all out” position. A bar 
chart illustrating the upper pool els for the all out conditions is shown in 
Figure 3.6.  
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Table 3.1. Smithland Locks and Dam allisions (reported for upper approach walls,  
January 1980 to December 2007). 

Date 
Gate 
Opening, ft Upper Gage Lower Gage Upper Pool El Lower Pool El 

1/16/1980 AO 318.7 317.9   

2/16/1980 AO 306.3 305.8   

2/18/1980 AO 308.1 307.6   

2/27/1980 AO 315 314.1   

4/11/1980 AO 328.8 328   

4/19/1980 AO 327.6 326.7   

4/15/1980 AO 304.7 304.3   

6/13/1980 AO 312.5 311.5   

6/23/1980 AO 304.6 304.1   

8/16/1980 AO 312.1 309.9   

3/11/1981 175 11.2 24.8 323.2 314.8 

4/14/1981 62 11.8 16.9 323.8 306.9 

5/26/1981 AO 13.3 32.1 325.3 322.1 

8/30/1981 12 13.1 13.6 325.1 303.6 

9/17/1981 14 12.1 12.9 324.1 302.9 

10/13/1981 17 12.2 13.5 324.2 303.5 

11/21/1981 16 12.4 13 324.4 303 

3/5/1982 183 11.9 29.8 323.9 319.8 

2/1/1982 AO 17.3 37.3 329.3 327.3 

2/7/1982 AO 17.6 34.4 329.6 324.4 

8/6/1983 22 12.7 12 324.7 302 

12/14/1983 AO 12.5 33 324.5 323 

3/21/1984 286 12 30.9 324 320.9 

11/27/1984 48 12.6 18.7 324.6 308.7 

4/3/1985 AO 13 32.5 325 322.5 

6/19/1985 39 12.4 14.1 324.4 304.1 

11/24/1985 AO 13.1 33.2 325.1 323.2 

11/14/1985 AO 11.5 31.9 323.5 321.9 

1/22/1986 41 13.1 14.9 325.1 304.9 

7/6/1986  12.8 18.5 324.8 308.5 

12/6/1986 286 11.9 31.3 323.9 321.3 

4/15/1987 286 12 30.1 324 320.1 

2/22/1988 85 12 20.6 324 310.6 

4/9/1988 176 12.3 17.6 324.3 307.6 

2/24/1989 AO 24.8 46.09 336.8 336.09 
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Date 
Gate 
Opening, ft Upper Gage Lower Gage Upper Pool El Lower Pool El 

3/17/1989 AO 14.1 34.7 326.1 324.7 

3/28/1989 308 12.4 31.5 324.4 321.5 

4/6/1989 AO 18.5 39.2 330.5 329.2 

5/7/1989 209 12.9 26.9 324.9 316.9 

9/3/1989 41 12.6 15.4 324.6 305.4 

5/23/1990 AO 15.7 35.6 327.7 325.6 

5/27/1990 AO 16.1 36.2 328.1 326.2 

1/22/1991 AO 18.9 39.3 330.9 329.3 

1/25/1991 AO 14.4 34.4 326.4 324.4 

2/11/1991 304 12.2 30.8 324.2 320.8 

2/18/1991 AO 13.1 33 325.1 323 

3/19/1991 304 12.3 31.2 324.3 321.2 

3/21/1991 314 12.2 31.5 324.2 321.5 

3/20/1991 320 12 31.6 324 321.6 

3/26/1991 AO 16.2 36.3 328.2 326.3 

3/26/1991 AO 16.5 36.6 328.5 326.6 

2/17/1992 46 12.4 15.9 324.4 305.9 

5/28/1992 21 12.4 12.1 324.4 302.1 

7/14/1992 25 12.2 14.5 324.2 304.5 

2/27/1993 308 12.2 31.1 324.2 321.1 

3/8/1993 AO 12.3 32.6 324.3 322.6 

4/11/1993 AO 16.8 36.8 328.8 326.8 

7/15/1993 48 12.5 24 324.5 314 

11/24/1993 AO 12.5 32.3 324.5 322.3 

1/16/1994 187 12.1 28.1 324.1 318.1 

2/6/1994 AO 20.7 41.3 332.7 331.3 

1/19/1995 319 12.2 32.3 324.2 322.3 

4/23/1995 110 12.2 21.6 324.2 311.6 

3/7/1986 308 12.22 31.56 324.22 321.56 

12/9/1996 AO 16.6 36.6 328.6 326.6 

2/9/1997 AO 13.85 34.09 325.85 324.09 

2/11/1997 AO 13.73 33.8 325.73 323.8 

2/11/1997 AO 13.3 33.37 325.3 323.37 

6/10/1997 AO 14.68 34.8 326.68 324.8 

12/22/1996 AO 15.4 35.2 327.4 325.2 

7/4/1998 300 12.14 30.75 324.14 320.75 
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Date 
Gate 
Opening, ft Upper Gage Lower Gage Upper Pool El Lower Pool El 

2/14/1999 319 12.1 31.9 324.1 321.9 

3/22/1999 264 12.11 30.32 324.11 320.32 

2/25/2000 AO 16.1 35.2 328.1 325.2 

2/28/2000 AO 16.4 35.7 328.4 325.7 

3/27/2000 161 12.39 25.61 324.39 315.61 

4/15/2000 242 12 28.7 324 318.7 

5/1/2002 AO 13.1 32.6 325.1 322.6 

12/21/2002 297 12.2 31.6 324.2 321.6 

1/7/2003 242 12.3 28.6 324.3 318.6 

6/25/2003 242 12.1 29 324.1 319 

11/29/2003 AO 12.7 32.3 324.7 322.3 

1/8/2004 AO 13.9 33.2 325.9 323.2 

1/6/2004 297 12.1 30.4 324.1 320.4 

1/15/2004 AO 18.7 38.4 330.7 328.4 

1/17/2004 AO 17.5 37.2 329.5 327.2 

3/15/2004 AO 15.7 35.9 327.7 325.9 

4/26/2004 198 11.9 27.6 323.9 317.6 

6/8/2004 AO 15.7 35.2 327.7 325.2 

9/27/2004 253 11.9 28.6 323.9 318.6 

9/28/2004 242 12 28.5 324 318.5 

11/13/2004 99 12.4 20.7 324.4 310.7 

12/3/2004 AO 12.2 33.3 324.2 323.3 

4/5/2005 330 12.9 31.9 324.9 321.9 

5/2/2005 154 12.3 24.8 324.3 314.8 

3/16/2006 319 12.6 31.3 324.6 321.3 

3/22/2006 AO 12.5 31.9 324.5 321.9 

3/21/2006 AO 12.9 32.2 324.9 322.2 

3/26/2006 AO 12.2 32.2 324.2 322.2 

12/3/2006 104 12.3 21.8 324.3 311.8 

1/26/2007 AO 16.9 36.3 328.9 326.3 

3/7/2007 AO 12.9 32.5 324.9 322.5 

3/25/2007 275 12.3 29.2 324.3 319.2 

3/30/2007 236 12.4 36.5 324.4 326.5 

12/20/2007 AO 13.2 32.2 325.2 322.2 
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Smithland Lock Upper Approach Walls Allisions between 1981 and 2007
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Figure 3.3. Allisions at Smithland Locks upper approach walls between 1981 and 2007. 

Smithland Lock Upper Approach Walls Allisions by Months between 1981 and 2007
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Figure 3.4. Allisions at Smithland Locks upper approach walls shown as total number 

per month between 1981 and 2007. 
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Smithland Lock Upper Approach Walls Allisions by Month and Upper Pool El 
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Figure 3.5. Allisions at Smithland Locks upper approach walls shown by month 

and upper pool el. 

Allisions with All Out Conditions at Smithland Lock between 1981 and 2007
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Figure 3.6. Allisions at Smithland Locks upper approach walls during all out flow conditions. 
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3.3 Cannelton Locks and Dam  

3.3.1 Cannelton Locks and Dam project conditions 

The Cannelton Locks and Dam project has a 1200-ft long main lock cham-
ber and a 600-ft long auxiliary chamber. The land wall of the main cham-
ber (middle wall) is fairly short. Downbound tows approach the locks 
along the Indiana bank and as they get close to the locks, they start to 
maneuver towards the main lock and often use the middle wall to help 
pivot and enter the main chamber. Since the middle wall is so short, the 
head barge can actually angle in the main lock approach and impact the 
river wall miter gate in the recessed position. The barges can also impact 
the trash racks placed over the bulkhead slots for the emergency closure 
gate. Photos of the middle wall at Cannelton Locks are shown in Fig-
ures 3.7 and 3.8. The normal upper pool el is 383 and the maximum 
locking stage el is 399.1. 

 
Figure 3.7. Upper middle wall at Cannelton Locks looking downstream from river wall. 
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Figure 3.8. Close-up of middle wall at Cannelton Locks looking downstream from river wall. 

3.3.2 Cannelton Locks accident records 

Table 3.2 lists the accidents involving the upper approach walls at Cannel-
ton Locks between August 1983 and November 2007. There were 26 inci-
dents reported, but only 16 provided information on the upper pool el and 
gate settings. Figure 3.9 shows a bar chart of the upper pool elevations that 
existed when these allisions occurred during the period from December 
1984 to Nov 2007 for the accidents with upper pool el information avail-
able. The maximum upper pool el reported was 394.2 in January 2005. 
The mean and standard deviation for the 16 upper pool els shown in 
Figure 3.9 are 384.7 and 3.39, respectively.  

Figure 3.10 shows the total allisions per month reported between Decem-
ber 1984 and November 2007. The month of November had the highest 
number at five and March had the lowest with zero accidents reported. 
This chart does include the accidents where no upper pool el information 
was available. Figure 3.11 shows the allisions reported by month and upper 
pool el. The different colors indicate the number of allisions during that 
month and the upper pool el when that allision occurred.  
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Table 3.2. Cannelton Locks and Dam allisions (reported  
for upper approach walls, August 1983 to November 2007). 

Date 
Gate Opening 
ft 

Upper Gage 
ft 

Lower Gage 
ft 

Upper Pool 
El 

13-Nov-07 11 9.4 11.5 383.4 

15-Jan-05 A/O 20.2 45.4 394.2 

19-Dec-04 68 9.3 20 383.3 

21-Nov-02 66 9.2 19.3 383.2 

9-Sep-02 2 9.5 10.7 383.5 

27-Aug-02 8 10 10.7 384 

26-Jun-01 23 9.4 12.2 383.4 

9-Feb-01 28 9.4 15.6 383.4 

7-Feb-01 50 9.5 17.6 383.5 

27-Jul-99 6 9.8 10.7 383.8 

16-Jan-97 30 9.5 14.5 383.5 

17-Nov-97 38 9.3 15.5 383.3 

28-Jan-94 390 9.2 34.2 383.2 

28-Sep-91 NA NA NA  

14-May-91 NA NA NA  

23-Dec-90 A/O 18.5 43.8 392.5 

23-Sep-90 A/O 10.4 35.6 384.4 

13-Jan-89 NA NA NA  

12-Jul-87 NA NA NA  

25-Sep-87 NA NA NA  

23-Nov-87 NA NA NA  

27-Nov-86 NA NA NA  

7-Nov-86 NA NA NA  

8-Apr-86 NA NA NA  

27-Dec-84 NA 9.12 30.72 383.12 

22-Aug-83 NA NA NA  

NA – Not Available. 
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Cannelton Locks Upper Approach Walls Allisions between Dec 1984 to Nov 2007
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Figure 3.9. Allisions at Cannelton Locks upper approach walls 

between Dec 1984 and Nov 2007. 

Allisions at Cannelton Locks Upper Approach Walls by Month between Dec 1984 and Nov 
2007
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Figure 3.10. Allisions at Cannelton Locks upper approach walls 

shown as total number per month.  
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Allisions at Cannelton Locks Upper Approach Walls by Month and Upper Pool El
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Figure 3.11. Allisions at Cannelton upper approach walls shown by month and upper pool el. 

The upstream end of the upper middle wall at Cannelton has a triangular 
shape compared to the semi-circular shape at Smithland. The Cannelton 
project would benefit from installation of the deformable bullnose since it 
would lengthen the existing wall and prevent angled impacts with the 
recessed river wall miter gate. 

3.4 Markland Locks and Dam 

3.4.1 Markland Locks and Dam project conditions 

The normal upper pool el at Markland Locks and Dam is 455. The maxi-
mum upper pool el for locking is 463. The top elevation for the bullnose on 
the upstream guard wall is 466. Project personnel have indicated that out-
draft occurs at the project for higher flows. Outdraft is the crosscurrent in 
the upper approach due to discharge through the dam. Outdraft is 
stronger with higher gate openings and in the condition when all of the 
dam gates are raised out of the flow, commonly referred to as “All Out.” 
Figures 3.12 and 3.13 show views of the Markland Locks upper approach 
and the guard wall bullnose where the deformable BEAS would be 
installed. 
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Figure 3.12. View of the Markland Locks upper approach looking downstream. 

 
Figure 3.13. Views of the Markland Main Lock upper guard wall. 
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3.4.2 Markland Locks accident records 

Accident records between August 1988 and May 2008 were reviewed to 
determine the project conditions when the accidents occurred. Table 3.3 
provides a list of the accident dates, the gate settings, the upper and lower 
gage readings, and the upper and lower pool elevations. Figure 3.14 shows 
a plot of the upper pool el at the project for accidents involving a tow 
impacting an upper approach wall between August 1988 and May 2008. 
There were 27 reported accidents in the project documentation and 26 of 
these had upper pool el information as shown in Figure 3.14. The average 
upper pool el for these 26 accidents was 455.7 and the standard deviation 
was 1.57 ft.  

Figure 3.15 shows the total allisions per month reported from 1988 to 
2008. The month of January has the highest number with 5 reported acci-
dents and the month of September did not show any accidents. Figure 3.16 
shows the allisions reported by month and upper pool el. The different 
colors indicate the number of allisions during that month and the upper 
pool el when that allision occurred. For example, the five different colors 
shown in January represent the five allisions and corresponding upper 
pool elevations listed in Table 3.3 that were reported in January. Other 
than the two higher upper pool elevations in January 24, 1996, and 
December 24, 1990, the remaining upper pool elevations when accidents 
occurred were between 455.8 and 455.6. This is within 0.8 ft of the normal 
upper pool. 

The accident information at Markland Locks and Dam revealed that the 
upper pool el when an accident is likely to occur will be within 1 ft of the 
normal upper pool el of 455. Based on the data set available and the one 
accident on January 25, 1996, the highest upper pool el will be close to 
463, which is the maximum locking stage. More research will be necessary 
to determine the project conditions for events between these two 
conditions. 
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Table 3.3. Markland Locks and Dam allisions (reported for upper approach walls,  
August 1988 to May 2008). 

Date 
Gate Opening 
ft Upper Gage Lower Gage Upper Pool El Lower Pool El 

8/9/1988 0 12.6 12.5 455.6 420.5 

10/25/1988 0 12.4 12.9 455.4 420.9 

6/1/1989 63 12.1 26.8 455.1 434.8 

12/24/1990 AO 15.1 49.2 458.1 457.2 

2/23/1991 188 11.9 38.7 454.9 446.7 

5/20/1992 18 12.5 18.2 455.5 426.2 

7/8/1992 6 12.5 15.1 455.5 423.1 

4/18/1993 57 12.1 25.6 455.1 433.6 

7/2/1993 5 12.6 14.1 455.6 422.1 

3/15/1994 AO 12.6 46.2 455.6 454.2 

4/2/1994 474 12.2 45.9 455.2 453.9 

4/16/1994 350 11.8 44.1 454.8 452.1 

11/28/1995 20 12.2 17.5 455.2 425.5 

1/16/1996 21 12.3 18.6 455.3 426.6 

1/21/1996 380 12.1 45.1 455.1 453.1 

1/25/96 AO 19.8 51.8 462.8 459.8 

4/2/1996 160 12.4 38.5 455.4 446.5 

6/22/1998 56 12.5 27 455.5 435 

1/24/1999 211 12.0 39.8 455 447.8 

1/24/1999 208 12.4 39.9 455.4 447.9 

3/23/2000 75 12.2 29.8 455.2 437.8 

3/16/2001 37 12.0 13.4 455 421.4 

5/22/2001 145 12.5 36.1 455.5 444.1 

5/14/2003 242 12.4 40.4 455.4 448.4 

7/12/2003 83 12.5 30.3 455.5 438.3 

2/10/2008 309 12.1 44.1 455.1 452.1 

5/13/2008 94 - 38  446 
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Markland Lock Upper Approach Walls Allisions between 1988 and 2008
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Figure 3.14. Allisions at Markland Locks upper approach walls between 1998 and 2008. 
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Figure 3.15. Allisions at Markland Locks upper approach walls shown as total number 

per month between 1988 and 2008. 
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Allisions by Month and Upper Pool El
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Figure 3.16. Allisions at Markland Locks upper approach walls shown by month 

and upper pool el. 
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4 Deformable Structural Systems 
4.1 Introduction 

This chapter outlines initial thoughts expressed at the start of the research 
and development (R&D) project into the tasks and scope of research needs 
leading to the development of a deformable structural system solution to 
mitigate the problem of “run-a-away” barges and tows due to impacts with 
stiff-to-rigid bullnoses. Also included is a brief discussion of an engineer-
ing procedure used at the start of this R&D project to develop preliminary 
concepts for the deformable structural system.1  

The following issues must be considered when developing a deformable 
structural system/concept design for installation at the end of a lock  
approach wall: 

• guide wall functionality 
• overtopping of walls 
• drift /debris – floating and non surface type debris 
• maintenance  
• safety – Corps personnel and users 
• cost  
• survivability. 

4.2 Structural system response concept during impact 

The approach taken to reduce the potential lashing failures as a result of 
an impact between a barge train and the massive, stiff-to-rigid bullnoses 
currently in use at numerous Corps locks is to develop a new deformable/ 
flexible based bullnose structure. The Corps’ massive, stiff-to-rigid bull-
noses abruptly decelerate the barge train during an impact. During an 
abrupt deceleration, the forces imparted to the lashings result in rupture 
of the lashings that then allow “run-a-way” barges to occur. The concept is 
to develop a deformable/flexible bullnose that decelerates the barge train 

                                                                 
1 Some of the engineering methodologies discussed in this chapter have been refined, updated or 

replaced as the R&D progresses. Engineering methodologies discussed in the subsequent chapter 
provide an overview to the engineering methodology and corresponding numerical procedure currently 
being used in this R&D effort. 
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at a lower rate, thereby reducing possibility for lashing failures within the 
barge train. 

4.3 Five aspects to assessment of the deformable/flexible structural 
bullnose system on barge train response during impacts  

4.3.1 Introduction 

There are five steps to the process of developing a design concept for a 
deformable/flexible bullnose whose objective is to reduce the lashing 
forces imparted to the barge train during impact deceleration. They are: 

1. The definition of the demand to be applied to the deformable/flexible 
structural bullnose system. 

2. The definition of the governing equation balancing the demand applied to 
the deformable/flexible structural bullnose system with the capacity of the 
bullnose system. An equation of the balance of energy was used during the 
preliminary, conceptual development stage for this R&D project.1  

3. Determine the characteristics of the deformation-force response of the 
bullnose deformable system during impact and level of deformations that 
the deformable/flexible structural bullnose system will undergo for the 
different demand levels applied. 

4. Equate the demand of the impacting massive barge train to capacity of the 
deformable/flexible structural bullnose system and compute the 
deformation-force response of the bullnose system. 

5. Use the deformation-force response of the deformable/flexible structural 
bullnose system to determine the deceleration rate for the barge train and 
compute the forces within lashings for a typical lashing configuration so as 
to determine if brittle lashing failures take place, resulting in “run-a-way” 
barges. 

4.3.2 Step 1 - Demand 

Corps design criteria stipulates that hydraulic structural features be 
designed for three levels of loading and three corresponding levels of per-
formance. Load condition probabilities and associated performance objec-
tives similar to those described in Chapter 3 of EM 1110-2-2100 have been 
used to develop loading, loading frequency, and performance criteria for 

                                                                 
1 Current research, discussed in a subsequent chapter, has expanded to the use of the equations of 

motion to describe the impact between the barge train and the deformable structural system. The 
equations of motion are being solved using numerical methods. 
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barge impact. This information is contained in Table 4.1 and is an 
adaptation of information previously provided in ETL-1110-2-563. 

Table 4.1. Three load condition categories, frequency of loadings, and performance criteria. 

Load 
Condition 
Category 

Annual Probability of 
Exceedence 

Return 
Period 
(years) 

Performance 
Criteria 

Forward 
Velocity (fps) – 
preliminary 
values 

Barge 
Train 
Mass 

Usual Greater than or equal to 
0.1 

1-10 No damage 0.5 - 2 M1 

Unusual Less than 0.1 but greater 
than 0.00333 

10-300 Repairable 
damage 

2 - 4 M2 

Extreme Less than 0.00333 >300 Non-collapse 4 - 6 M3 

 

Observe in Table 4.1 that there are three load condition categories with 
respective performance criteria. The usual load condition category is the 
most frequent of the three design events, as reflected in the higher value 
for annual probability of exceedence or a lower value for return period (in 
years). (Return period is equal to the inverse of the annual probability of 
exceedence.) The associated performance criterion is for no damage dur-
ing the usual design event. Prior to the availability of results from a site-
specific barge traffic data study for the project, the non-site specific for-
ward velocity data listed in Table 4.1 may be used for preliminary design 
calculations for each of the three load condition categories. For the usual 
load condition category the non-site specific forward velocity typically 
range in value from 0.5 to 2 fps. 

The unusual load condition category is less frequent than the usual design 
load case. Consequently, its associated performance criterion is for limi-
ted, easily repairable damage. For the unusual load condition category the 
non-site specific forward velocity typically range in value from 2 to 4 fps. 

The extreme load condition category is even less frequent than the unusual 
design load case. Consequently, its associated performance criterion is to 
allow for damage but to avoid collapse. For the extreme load condition 
category the non-site specific forward velocity typically range in value 
from 4 to 6 fps. 
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As will be demonstrated shortly, the values for the non-site specific for-
ward velocity are a key value used in the characterization of the demand 
imposed on the bullnose. During the initial sets of calculations, the 
demand is characterized by the kinetic energy, K.E., of the barge train as it 
approaches the bullnose, 

  KE M V  
21

2
 (4.1) 

where: 

 M = mass of the barge train 
 V = velocity of the barge train. 

There is a K.E. value associated with each of the three load condition cate-
gories. For a 3-by-5 barge train with tow boat, the total barge train mass M 
is on the order of 2,000 kip-sec2/ft. Using this value for the mass of the 
barge train and the upper bound non-site specific forward velocities, 
Table 4.1 becomes, 

Table 4.2. Three load condition categories and demands expressed in terms of K.E. 

Load 
Condition 
Category 

Performance 
Criteria 

Upper Range 
in Forward 
Velocity (fps) – 
preliminary 
values 

Barge Train 
Mass  
(kip-sec2/ft) 

Kinetic 
Energy- K.E.  
(ft-kips) 

K.E./K.E.-
Usual 

Usual No damage 2 2,000   4,000 1 

Unusual Repairable 
damage 

4 2,000 16,000 4 

Extreme Non-collapse 6 2,000 36,000 9 

 

The last column of Table 4.2 data shows demand, expressed in terms of 
K.E., increases by four-fold from usual to unusual and by nine-fold from 
usual to extreme. Note that the demand increases nonlinearly for the three 
load condition categories. 

4.3.3 Step 2 – Capacity and balance of energy 

The governing equation is the balance of the K.E. energy of the barge train 
with the potential energy (P.E.) of the deformable/flexible bullnose 
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system, with the P.E. representing its capacity. The demand applied to the 
deformable/flexible structural bullnose system is the K.E., as previously 
stated. The capacity of the bullnose system is expressed by the P.E. The 
P.E. is the area under the load versus displacement curve (Figure 4.1). 

 
Figure 4.1. Load versus displacement relationship for a deformable bullnose structural 

system (idealized in this figure). 

Figure 4.1 shows a (barge impact) load versus displacement relationship 
for an idealized deformable bullnose structural system.1 Observe that the 
Figure 4.1 Load versus Displacement relationship is linear with increasing 
applied load until yielding occurs in one of the structural members com-
prising the deformable bullnose structural system. As load continues to be 
applied, the deformations increase given the same increment in applied 
loading due to the development of plastic material behavior for the bull-
nose structural member(s). With continued applied loading, the deform-
able structural system eventually forms a structural mechanism and 
collapses, as denoted by the abrupt loss in load carrying capacity in the 
load versus deformation curve past the point designated as the collapse 
point. The load-deformation relationship for a given deformable bullnose 
system is developed by pushover analysis. Barge impact loadings are 
applied in increasing increments to an analytical model of the bullnose 

                                                                 
1 Note that deformable bullnose structural system concepts are currently under development with some 

initial concepts shown in the subsequent chapter. 
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system until first yield develops in one of its lateral load resisting ele-
ments. The yielding element is then relaxed (i.e., released so it will not 
attract additional load) and the process continued until all yield mecha-
nisms have been identified and a potential collapse mechanism develops. 

Also shown in Figure 4.1 is the “capacity” of the deformable/flexible struc-
tural bullnose system for the usual load condition category. Recall that the 
performance criterion for the Usual load condition category is for no 
damage. Consequently, the deformable structural bullnose system is to 
remain elastic during a Usual impact load case. This requires that the 
maximum capacity available for the deformable structural system is up to 
the point of first yield within one of the bullnose’s structural members, as 
shown in this figure. This dictates the available capacity, expressed as the 
area under the Load versus Displacement curve and designated as the 
shaded P.E. region in Figure 4.1. The other two more severe load condi-
tions, which allow for damage, will include more Force versus Displace-
ment area over a larger range of displacement than the usual load con-
dition. Note that as the P.E. region increases beyond that designated in 
Figure 4.1, more damage will result within the bullnose structural system. 

The governing equation for this impact problem is the balance of energy: 
The balance of energy simply states that the kinetic energy applied during 
impact by a barge train (i.e., the demand) to a deformable/flexible bull-
nose structural system is resisted by the strain energy imparted through-
out the structural bullnose system during its deformations as reflected in 
the potential energy of the system (i.e., the capacity), 

 . . . .K E P E  (4.2) 

4.3.4 Step 3 – Characteristics of the force versus deformation response of 
a deformable bullnose structural system  

In this step of the analysis, a bullnose structural system configuration is 
proposed and its capacity characteristics are evaluated. Determining the 
characteristics of the deformation-force response of the proposed bullnose 
deformable system (i.e., Figure 4.1) is investigated and the magnitude of 
the deformations that the deformable/flexible structural bullnose system 
will undergo for the three load condition categories is part of this evalu-
ation process. Also, part of this process is the assessment of damage loca-
tion, location of damage, assessment of the ease to repair the damage, P.E. 
capacity, and collapse mechanism, all for the assessment of the Unusual 



ERDC TR-10-7, Report 1 39 

 

and Extreme condition categories of analysis. Different structural systems 
are being investigated during this research effort. 

4.3.5 Step 4 – Deformation based on application of the balance of energy 
for a deformable bullnose structural system  

Equating the K.E. demand of the impacting massive barge train to capacity 
of each deformable/flexible structural bullnose system configuration P.E. 
(step 3) is computed for each of the three loading conditions. The maxi-
mum deformation and the deformation versus force response are of par-
ticular interest in this step. As different structural system configurations 
are being proposed, they are investigated using the process outlined in 
steps 3 and 4. 

4.3.6 Step 5 – Assessment of the deceleration rate and of lashing forces 
imposed by the deformable bullnose structural system on the barge train 

Using the maximum deformation and deformation-force response deter-
mined in step 4, these deformable/flexible structural bullnose system 
characteristics are used to determine the deceleration rate for the barge 
train and the forces within lashings for a typical lashing configuration can 
be determined. In general, as the magnitude of deformation that the 
deformable bullnose structural system undergoes increases, the magni-
tude of the barge train deceleration decreases. These computed results will 
be used to determine if brittle lashing failures take place, resulting in “run-
a-way” barges. This step will be addressed starting the summer of 2010 
using the more sophisticated engineering methodology, numerical pro-
cedure and corresponding PC-based software discussed in Chapter 6.  
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5 Initial Concepts for Deformable Bullnose 
Energy Absorption Systems  

5.1 Introduction 

Several deformable bullnose energy absorption systems are being con-
sidered. Some designs are better suited for shallow rivers, others are better 
for deep rivers with little change in water elevation, and still others are for 
rivers with big changes in water elevation. 

A performance-based approach is used to determine if system load-
displacement response would meet the performance objectives described 
in Chapter 4. Failure mechanism analyses, more commonly known as 
pushover analyses, are used to assess energy absorption capability (poten-
tial energy capacity) of each particular system investigated. Energy 
absorption systems initially investigated were those that could be imple-
mented at the Smithland Locks and Dam Project. The downriver approach 
to the Smithland Locks is shown in Figure 5.1.  

 
Figure 5.1. Smithland Locks upper approach. 
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Upper pool elevations at Smithland range from Elevation 324 to 341. 
Therefore, initial design concepts were to accommodate barge impacts up 
to 17-feet above that associated with a “low pool” impact. Statistical studies 
on collision events described in Chapter 3 eventually indicated that the 
range of impact events could be significantly reduced. 

This chapter of the report describes the progression of deformable system 
concepts leading to the deformable bullnose energy absorption systems 
(BEAS) described in Chapter 6.  

5.2 Pushover analysis and force-deflection response  

The potential energy (PE) capacity for a particular energy absorption 
system can be determined by pushover analysis. The pushover method 
defines the path of least energy resistance, and the area under the load-
displacement curve approximates the PE capacity of the system.  

Pushover analyses were introduced in earthquake engineering to reconcile 
the capacity of a structure such as a building or bridge with the displace-
ment demands of an earthquake. The load-displacement curve is devel-
oped in a step-by-step procedure using superposition, where the system is 
laterally distorted to some limiting capacity value, frozen in that position, 
local yielding elements are relaxed, and the system is laterally distorted to 
the next limiting capacity value. The procedure is repeated until the 
system has reached a limit state consistent with an established perform-
ance objective, or until failure of the system occurs. The procedure is 
illustrated in Priestley et al. (1996) with respect to a bridge bent where the 
displacement response is limited by flexure. 

In a pushover analysis for barge impact, a suitable analytical model repre-
senting the energy absorbing system is developed and a barge impact load 
is applied in increasing increments until first yield occurs. The yielding 
element is relaxed and the process is repeated until all yield mechanisms 
have formed and a potential collapse mechanism develops. A collapse 
mechanism is considered to exist when the element triggering failure of 
the system has reached its ultimate displacement capacity.  
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5.3 Free-standing pile systems (Systems 1 and 2) 

Energy absorption systems were initially based on the assumption that a 
series of single freestanding piles, if driven (System 1) or drilled in place 
(System 2) to a sufficient depth below the mudline, may not only have the 
strength and ductility to withstand barge impact loadings, but may be 
flexible enough to absorb the impact energy of approaching barge trains. 
Therefore, the first two systems investigated for energy absorption were 
free-standing pile systems. The concept is illustrated in Figure 5.2. With 
this concept, a deformable system is placed in front of an existing 
approach wall bullnose. Flexure in the piles supporting the new impact 
nosing is intended to provide a load-displacement response capable of 
satisfying performance objectives outlined in Chapter 4. The free-standing 
pile system concept was first proposed by Reese et al. (1970) as a means of 
absorbing the energy from berthing ships. The deflection response with 
respect to a single free-standing pile is described in Figure 5.3. The 
resulting load-displacement response for Systems 1 and 2 is illustrated in 
Figure 5.4.  

 
Figure 5.2. Concept isometric of Systems 1 and 2. 
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Figure 5.3. Fixed-head single pile deflection response. 

 
Figure 5.4. Systems 1 and 2, potential energy capacity (load-displacement) plot, 

single pile. 
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In the pushover analysis of Systems 1 and 2, a barge impact load is applied 
and increased incrementally until flexural yielding develops in the piles. 
This occurs initially at the pile cap in a location that is visible for inspec-
tion and accessible should repairs be necessary. However, after a hinge is 
inserted at that location and a small increment of additional load is 
applied, a secondary plastic hinge soon develops in the embedded portion 
of the pile below the mudline, where it is impossible to visually inspect for 
damage and difficult to make repairs if needed. After the formation of the 
second plastic hinge develops, the impact load is increased until the plastic 
rotational capacity of the piles is reached and failure of the system occurs. 

Performance of the piling is assessed during the pushover analysis. Since a 
“no damage” performance goal has been established for “usual” loadings, 
the displacement response representing first yield (identified by “U” in 
Figure 5.4) is selected as the usual barge impact loading limiting value. The 
area under the load-displacement curve to that point represents the energy 
absorption capacity available for “usual” barge impacts. Some minor 
(repairable) damage is acceptable for “unusual” barge impact loads. For 
Systems 1 and 2, yielding in the piling at the pile cap would be acceptable, 
but yielding in the embedded part would not. This performance objective 
establishes the displacement response limit for “unusual” (identified by 
“UN” in Figure 5.4). A displacement response representing the plastic 
rotational capacity of the piling identifies the limit for “extreme” (identified 
by “E” in Figure 5.4). As can be seen, most of the available energy absorp-
tion capability occurs in the plastic region between “UN” and “E”. 

Table 5.1 contains for Systems 1 and 2 a comparison of kinetic energy 
demand to potential energy capacity for “usual”, “unusual” and “extreme” 
barge impact loading conditions. This information is used to determine 
the number of piles needed to satisfy performance objectives. As can be 
seen, the number of piles required is prohibitive and the resulting dis-
placement response will not provide the desired cushioning effect for 
“usual” and “unusual” barge impacts. 

Table 5.1. Systems 1 and 2, performance-based design, number of piles required.  

Load  
Condition 

KE-Demand 
ft-kips 

System 1 
No. of pipe piles reqd. 

System 2 
No. of DIP* reqd. 

Usual  4000  323  32 
Unusual  16000  593  35 
Extreme  36000  170  14 
* Drilled In Place (DIP). 
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5.4 Super delta energy absorbing system (System 3) 

The concept for a system that uses large size rubber deltas to dissipate 
barge impact energy is illustrated in Figure 5.5. With this system, a (fixed) 
pier table with a large diameter drilled-in pier for vertical support and 
attached to the existing bullnose corbel for lateral support is provided as a 
base of support for the deformable super delta energy absorbing system. 
Soft rubber isolators are provided on the pier table to support the new 
impact nosing. The rubber deltas are mounted between the impact nosing 
and the existing bullnose corbel extension and are used as the primary 
energy absorbing component.  

 
Figure 5.5. Concept isometric of System 3. 

A similar super delta system is described in the American Association of 
State Highway and Transportation Officials (1991) Guide Specification and 
Commentary for Vessel Collision Design of Highway Bridges. The example 
provided therein is for the collision protection of the main piers of the 
Passyunk Avenue Bridge over the Schuylkill River in Philadelphia, PA. The 
large rubber deltas proposed for the Passyunk Avenue Bridge are 4.25 ft 
deep × 7.50 ft wide × 5.00 ft long. Using this and other information on the 
delta load-displacement characteristics for this type of fendering, the 
number of deltas needed for barge impact was estimated using a kinetic 
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energy demand to potential energy capacity approach. A summary of the 
results are provided in Table 5.2. 

Table 5.2. System 3 - performance-based design, number of deltas required.  

Load Condition 
KE-Demand 
ft-kips 

PE Capacity 
ft-kips 

No. of Deltas 
Required 

Usual    4000  160  25 

Unusual  16000  550  30 

Extreme  36000  930  38 

 

The surface area required for mounting 38 delta units is somewhat pro-
hibitive. In addition, the strain capacity of the rubber deltas in compres-
sion is not as good as the strain capacity of rubber isolator type units in 
shear. Since greater displacement capacity can be obtained with rubber 
isolator units, it was decided to investigate in greater detail the benefits of 
rubber isolator systems. 

5.5 Rubber isolator energy absorbing system (System 4) 

A concept for a system that uses large rubber isolators of the type used for 
the seismic protection of bridges is illustrated in Figure 5.6. A (fixed) pier 
table similar to that used for the rubber delta system is used to support the 
new impact nosing. Large diameter rubber isolators are placed between 
the pier table and the new impact nosing. Deformations needed to cushion 
barge impact loadings are obtained by shear deformation of the isolators. 
A gap is provided between the new impact nosing and the existing bull-
nose corbel extension to allow isolator shear deformation to take place. 
This rubber isolator energy absorbing system is the basis for all of the 
investigations described in Chapter 6. The reason for introducing it here is 
to address concerns related to the behavior and efficiency of this type of 
system when subjected to barge impacts occurring at different elevations.  

Recall that the Smithland deformable bullnose system was originally 
required to accommodate barge impacts 17-feet higher than those asso-
ciated with low pool conditions (i.e., low pool at Elevation of 324 and high 
pool at Elevation of 341). Assuming that the barges are ballasted and that 
the lead barge contacts the impact nosing at a height of 4 feet above pool 
elevation, the low and high impact elevations for Smithland will be 328 
and 345, respectively. 
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Figure 5.6. Concept isometric of System 4. 

The initial concept illustrated in Figure 5.6 assumes that all isolators can 
be placed on the (fixed) pier table. This means that barge impacts asso-
ciated with the higher pool elevations involve an overturning moment that 
creates axial forces on the isolators. This is illustrated in Figure 5.7. To 
reduce overturning moment demands on the isolators, a second set of 
isolators located atop the existing bullnose was considered. This is illu-
strated in Figure 5.8. This does significantly decrease axial force demands 
on the pier table isolators. However, it should be recognized that isolator 
shear resistance efficiency will be less than 100-percent for conditions 
other than that where impact occurs at the center of isolator rigidity. This 
means that the displacement performance of the isolators will be less than 
optimal.  
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Figure 5.7. Longitudinal sectional elevation through impact nosing, all isolators on pier table, 

overturning forces. 

Figure 5.9 and subsequent calculations illustrate the loss of efficiency for 
barge impacts that take place other than at the center of isolator rigidity. 
The information contained in Figure 5.9 was developed with respect to the 
Smithland deformable bullnose energy absorbing system. This particular 
system uses a total of 18 isolators; 8 isolators on the existing bullnose, and 
10 isolators on the pier table. 
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Figure 5.8. Longitudinal sectional elevation through impact nosing, all on both pier table and 

existing bullnose, overturning forces. 

By pushover analysis using the load-displacement characteristics of the 
rubber isolators, the potential energy (P.E.) capacity of all 18 isolators for 
an Elevation 336.6 (center of rigidity) hit is as indicated in Table 5.3. The 
PE capacity for an Elevation 345 (high pool) hit is as indicated in 
Table 5.4. The ultimate displacement capacity representing shear failure of 
the isolators is 45 inches (3.75 ft).  

The center of rigidity hit represents the condition where the isolators are 
100-percent efficient. Therefore, the efficiency for a high pool hit is equal 
to [14,217 /25,596](100) = 56-percent. Although not as bad as the high 
pool hit, impacts at low pool also result in a significant loss of efficiency 
(efficiency for a low pool hit is 61-percent). The poor performances for 
impacts that take place other than at the center of rigidity give rise to 
concepts that contain multi-levels of isolators, and to floating pier table 
concepts. With a floating pier table, all isolators can be located on the pier 
table and all impacts can take place at the center of rigidity. Multi-level 
and floating pier concepts are addressed in Chapter 6. 
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Figure 5.9. Isolator efficiency. 

Table 5.3. Isolator performance for center of rigidity hit. 

Isolator Location 
Number of 
Isolators 

Isolator Ultimate 
Displacement Capacity 
inches 

PE per Isolator 
foot-kips 

Total PE 
foot-kips 

Existing Bullnose    8  45  1,422 11.376 
Pier Table  10  45   1,422 14,220 
Total  18   25,596 

 

Table 5.4. Isolator performance for high pool hit. 

Isolator Location 
Number of 
Isolators 

Isolator Ultimate 
Displacement Capacity 
inches 

PE per Isolator 
foot-kips 

Total PE 
foot-kips 

Existing Bullnose    8  45   1,422 11.376 
Pier Table  10  25     284   2,841 
 Total  18   14,217 
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6 Further Development of the Deformable 
BEAS  

6.1 Design of the Deformable BEAS  

The essence of a Deformable Bullnose Energy Absorbing System (BEAS) is 
described as a system consisting of a structural impact nosing made of 
either steel and/or reinforced concrete that sits on a suite of base isolators. 
A Deformable BEAS would be located at the end of any (or all) approach 
walls of a lock. Figure 6.1 shows a Deformable BEAS at the end of a guard 
wall. The calculations required to determine the forces acting on a barge 
train from the current deflections and deformations of the Deformable 
BEAS are discussed in this chapter. In the time domain simulation of the 
impact process, the impact nosing deflections and deformations of the 
individual barges of the barge train will change with each time step 
through the impact event. An impact event will likely last several seconds 
but less than 10 seconds. Additional designs of Deformable BEAS are 
presented to provide context for the calculations performed later. The 
current impact nosing deflections are the result of interactions with the 
barge train from the previous time step. 

Discussion of the modeling of the individual sections of the Deformable 
BEAS and barge train (i.e. geometry, lashing and base isolator non-linear 
properties) is beyond the scope of this document, other than their affect on 
the modeling of the complete structure.1 Proposed Deformable BEAS  
designs are discussed first so that the architecture and geometry can be 
established for design of the complete structure. 

A pier table fixed in place to the rock foundation is shown in Figure 6.2 
and in profile in Figure 6.3. Base isolators are attached to both the pier 
table and to the impact nosing structure. This base would be adequate for 
shallow rivers, but may not be appropriate for deep rivers due primarily to 
“in the dry” construction requirements and considering the time required 
for its construction.  

                                                                 
1 These aspects of the procedure of analysis of the impact between the barge train and the Deformable 

BEAS will be the subject of Report 2. 
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Figure 6.1. Features plan showing location of Deformable BEAS located 

at the end of one of the upper lock approach walls. 

For large variation in pool depth, there is a greater variation between the 
upper and lower Figure 6.2 base isolator groups. This will introduce 
inefficiencies in the overall energy absorption response of the Deformable 
BEAS, due to disproportionate loading of the two base isolator groups. In 
addition, the higher impact point on the impact nosing, the larger the 
overturning moment will be for the lower base isolators. 
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Figure 6.2. Isometric exploded assembly view 

of fixed pier table Deformable BEAS. 
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Figure 6.3. Centerline section (section A-A) 

of fixed pier table Deformable BEAS. 
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To accommodate deeper rivers with a minimal range of river elevations, or 
for rivers with soft beds, the initial design was extended with piles sup-
porting the fixed in elevation, pier table (Figure 6.4). 
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Water Surface

 
Figure 6.4. Isometric exploded assembly of pile supported 

fixed pier table Deformable BEAS. 

Another Deformable BEAS concept developed to improve the structural 
efficiency of the base isolator in the fixed pier table family of design con-
cepts, a re-distribution of the base isolators to multiple elevations, as 
shown in Figure 6.5, may be considered. Calculations (not shown) indicate 
that with base isolators prescribed at different elevations, energy absorb-
ing inefficiencies may occur, depending on the elevation of the base iso-
lators and the elevation of the point of impact. 
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Figure 6.5. Isometric exploded assembly of pile supported fixed pier table 

Deformable BEAS. 

In an attempt to improve base isolator energy absorbing efficiencies; to 
reduce the time for foundation construction; and to handle larger ranges 
of river elevations; the Figures 6.6 and 6.7 floating pier table model is 
proposed. Buoyancy of the floating pier table assures that the elevation 
range for impacts with the impact nosing of the Deformable BEAS is 
consistent with the water level, thus the expected range in barge impact 
elevations on the Deformable BEAS falls in a much narrower range as 
compared with the fixed pier table designs. This requires a less tall impact 
nosing compared to the fixed pier table designs that require taller noses to 
accommodate a wide variation in river elevations. In addition, this pro-
posed design reduces moments acting on the base isolators that could 
occur with the taller, fixed pier table impact nosings. 

For this chapter, we will not be concerned with how the Deformable BEAS 
is anchored at its base, other than to know that the BEAS impact nosing is 
fastened to the base isolators and these base isolators are fastened to the 
pier table.  

 



ERDC TR-10-7, Report 1 56 

 

Impact Nosing 
Structure

Rubber 
Base 
Isolators

Pier Table
Anchor Pile

Floating Pier 
Table

Existing Bullnose

Rubber Base 
Isolators

System 6.0 Isometric
Floating Pier Table

Water 
Surface

A

A

Gap

 
Figure 6.6. Isometric exploded assembly 
of floating pier table Deformable BEAS. 
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Figure 6.7. Centerline section (section A-A) 

of floating pier table Deformable BEAS. 
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Simply put, the purpose of using an impact nosing supported by base 
isolators is to extend the duration in time of an impulse from a barge train 
collision. The amount of force versus time required to stop the barge is 
constant but by extending the amount of time the barge has to come to a 
stop, the magnitude of peak force contained within the impulse can be 
reduced. The reduced peak force should be less likely to damage the 
lashings holding the barges together. 

Another means of describing the Deformable BEAS concept is that during 
an impact, an impact nosing supported on base isolators extends the dura-
tion in time of an impulse from the collision as compared to an impact 
with a stiff-to-rigid bullnose. For the same impact event, the amount of 
kinetic energy with an impact with both types of bullnoses will be the 
same. The difference is that the Deformable BEAS converts the kinetic 
energy into potential energy absorbed by the base isolators through some-
times large levels of deformations which can be on the order of several feet 
(i.e., four plus feet for a nearly five feet diameter base isolator). For a 
specified size barge train, approach velocity and approach angle, the 
impulse required to stop the barge train is constant but by extending the 
amount of time the barge train has to stop, the magnitude of peak force 
acting during that impulse can be reduced. The reduced peak force should 
be less likely to damage the lashings holding the barges together during 
the deceleration of the barge train, which now occurs over a much longer 
time interval due to the deformations of the base isolators. 

Second generation proposed Deformable BEAS designs have a multi-part 
impact nosing. An example of a multiple part impact nosing structure can 
be seen in Figure 6.8a. The purpose of the multi-part geometries for the 
impact nosing is to absorb energy at different rates based on the total 
kinetic energy present in the system at the beginning of the impact. The 
articulation is important to handle energy for usual, unusual, and extreme 
impact events. For events with lower kinetic energy, only the base isolators 
in the first part of the impact nosing will be engaged. For unusual impact 
events, the second set of base isolators can be added in a controlled 
fashion, via delayed engagement, to increase the resistance against the 
barge train’s forward velocity. Extreme events result in collapse of the 
frangible structural elements (discussed later in this section). In this 
manner, a controlled and gradual buildup of energy absorbing response 
can be applied to the barge train, reducing the peak forces applied to the 
barge train from the impact nosing. 
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For the designs of articulated, multi-part impact nosing systems, a tongue 
and groove connection has been added. This tongue and groove connector 
allows the system to progressively engage in sections along the longitudi-
nal axis of the Deformable BEAS, while still completely engage along the 
latitudinal axis of the Deformable BEAS. It is important that the Deform-
able BEAS engage progressively in the longitudinal axis to maximize the 
magnitude of displacements for the lower, usual, and unusual energy 
events to minimize forces (or stresses) in the lashings of the barge train. 

When the barge train makes contact with the Figure 6.8a impact nosing 
geometry or when impact nosing parts interact, the deflection of the 
impact nosing parts cause the base isolators to deform, as depicted in 
Figure 6.8b. 
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Figure 6.8a. Top view of an articulated, multi-part impact nosing structure. 
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Figure 6.8b. Views of articulated, multi-part impact nosing structure 

during progressive deformation stages. 

To model the response of the impact nosing to the barge train (as shown in 
Figure 6.8b), nonlinear force-displacement curves need to be measured for 
a single base isolator. Shear stress-strain curves can be derived from the 
force-displacement curves and other information about the base isolator. 

Preliminary measurements for select base isolators reveal that the force-
displacement curves have a “soft” region where a small change in force 
results in a large change of displacement, a “hard” region where a larger 
change in force results in a small change of displacement, and then a 
“failure” region where the base isolator has been damaged and loses its 
load carrying capability from that point on. Figure 6.9 shows an idealized  
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Figure 6.9. Idealized response of a 4.5-ft. diameter base isolator. 

response of a 4.5-foot diameter base isolator. The soft region is shown in 
green, the hard region is shown in yellow, and the failure region is shown 
in red. These three regions will figure prominently in the discussion of 
modeling the system. The maximum deflection at failure for this idealized 
isolator is estimated to be 54 inches (i.e., 4.5 feet). 

Each proposed design (to-date) has a frangible structural system placed 
between the new impact nosing and the stiff-to-rigid bullnose/bullnose 
extension. This frangible structural system will be designed to deform 
plastically at a certain level of force or compression deformation and 
thereby absorb the residual kinetic energy of the impact that has not been 
converted to potential energy by the base isolators during the last portion 
of barge train deceleration. Given the same size structural member(s), the 
energy absorption capability of the material and member in plastic 
deformation is larger than that of a material and member in elastic 
deformation.  

The purpose of modeling the Deformable BEAS systems is to determine 
the efficacy of proposed designs. The formulations discussed in this report 
and corresponding computer program(s) will also help to determine the 
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appropriate number and layout of base isolators and the number of impact 
nosing parts to minimize lashing stresses/forces within the barge train. 

6.2 Initial conditions 

The initial start-up solution follows the concept outlined in Figure 6.10 for 
the impact nosing of the Deformable BEAS. After initial contact between 
the impacting barge and the impact nosing, the velocity of the impact 
nosing increases to v1 from an initial (i.e., at-rest) velocity of zero. With 
acceleration being the change in velocity per change in time, the accelera-
tion a1 = v1/∆t, with ∆t being a very small increment in time. The (ficti-
tious) inertia force acting at center of gravity of the Deformable BEAS 
impact nosing is directed opposite to the acceleration vector as shown in 
this figure. The reactionary force FBEAS is due to deformation of the base 
isolators on which the impact nosing of the Deformable BEAS sits. 
Because of the placement of the multiple base isolators combined with 
their nonlinear behavior and considering the line of action of the impact 
force, the motion of impact nosing will likely be a combination of transla-
tional and rotational movement for most impact events. Rotational move-
ments come about due to the line of action of the resultant loadings being 
off-set from the center of rigidity of the base isolator system. The force and 
moment at the Center of Rigidity and the finertia at the Center of Gravity are 
projected back to the impact point and combined as FBEAS. 

t
va
∆

= 1
1

Center of Gravity

MBICenter of Rigidity
FBI

fInertia=mBullnosea1

FBEAS

Original 
position

 
Figure 6.10. Initial conditions and resultant forces at time t1. 
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6.3 Defining the modeling geometry of the bullnose 

To uniquely describe the geometry of the Deformable BEAS, a distinct 
global coordinate system will need to be specified. A logical global coordi-
nate system has its origin at the foremost point of the Deformable BEAS 
impact nosing. It may be expedient to generate local coordinate systems to 
simplify geometry generation and solution calculations. The global Y 
coordinates proceed into the BEAS, normal to the tangent of the surface at 
the origin point. The X coordinates are tangent to the surface and are 
oriented so that positive X and Y form a right-handed coordinate system 
(with rotation counter-clockwise). 

In this coordinate system, the BEAS impact nosing parts can be defined by 
their borders as an ordered collection of piecewise curves as shown in 
Figure 6.11 for a two part, articulated impact nosing system resting on 
eight base isolators. These curves can be tested for collision with other 
objects (such as other bullnose parts or barges) defined in the same man-
ner. Shown in red in Figure 6.11 are additional (geometric) connectors 
between the articulated impact nosing parts. These connectors are for 
determining impacts on “facing” regions that cover the gap(s) between 
parts, and therefore, are not fixed in length. 

The active elements of the BEAS are the base isolators or other energy 
absorbing mechanisms. The connections for these elements will be a point 
location internal to the BEAS and acting on the BEAS. Deflections of these 
elements will be based on the new position, relative to the fixed geometry 
of the BEAS, and their original location. 

6.4 Overview of the displacement and force response of the 
Deformable BEAS 

The modeling of the Deformable BEAS will be coupled with a numerical 
model of a barge train system through the force acting from the barge train 
to the Deformable BEAS and the resulting force from the Deformable 
BEAS back onto the barge train. The intent of this report is to introduce 
key aspects of the numerical methods for resolving the Deformable BEAS 
reactions to the impact nosing and to the oncoming barge train. 
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Figure 6.11. Elements of the piecewise geometrical description of the BEAS. 

Due to the nonlinear responses of the base isolators and the lashings in the 
barge train, the solution of the equation of motion for the complete system 
will be conducted in the time domain. The force acting on the Deformable 
BEAS at time t1 is calculated from the initial conditions of the barge train 
and using linear impulse momentum principals for eccentric hits.  

Figure 6.10 indicates how an eccentric barge impact force (FBEAS) acting on 
the impact nosing creates a reactive force and moment about the isolator 
center of rigidity. Figure 6.12a shows the start of the impact event (i.e., to, 
the point where the rigid body action described in Figure 6.10 is about to 
commence). This figure also shows the line of action and direction of 
FBEAS, the inertial force that will be applied to the barge train for the first 
time increment after contact has been made. The forces due to defor-
mation of individual base isolators are shown in the upper left insert. At 
the start of the analysis (i.e., t0), the impact nosing has not deflected and 
therefore, the base isolator forces acting on the impact nosing have zero 
magnitude. 

At subsequent time steps (e.g., t1), observe that for the eccentric impact 
shown in Figure 6.12b, the force (upper-left figure insert) and deformation 
(green lines tracking each of the eight base isolator deflection paths in the 
overhead figure 6.12b view) distributions among the base isolators will not 
be uniform. The formulation discussed in this report will account for this 
important aspect of overall system response.  
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b) position and forces at contact time t1 

Figure 6.12. Displacement and force response of the Deformable BEAS 
during impact. 
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6.5 Computing the forces applied by the base isolators to the impact 
nosing 

The numerical methods for a solution of the nonlinear response of a single 
base isolator are outside the scope of this report, and will be discussed in 
Report 2. However, these base isolators will be connected to and respond 
as a system to displacement of the rigid BEAS impact nosing during the 
impact event with the barge train. To determine the responding force 
applied by the BEAS to an impacting barge train, we will need to deter-
mine the non-linear forces being applied to the impact nosing itself from 
the system of base isolators. 

Two methods were examined to model this system, (1) a method based on 
the center of rigidity calculation with the distribution of forces and 
moment from the center of rigidity, and (2) a more general solution pro-
posed by Medwadowski (1969). Analyses by the authors of this report have 
shown that both methods provide accurate results for orthogonally 
directed shear elements, such as shear walls. An important characteristic 
of a circular base isolator is that it possesses a common force versus shear 
deformation relationship in all 2-D directions (i.e., throughout a 
360 degree sweep in plan view). Our analyses have shown that each base 
isolator can be modeled in both methods as a pair of perpendicular shear 
walls. 

Figure 6.13a shows an overhead view of the deflection map of the non-
linear stiffnesses of a base isolator. The base isolator is modeled as a pair 
of shear walls oriented in perpendicular directions (i.e., ninety degrees 
apart). Because the base isolator responds equally in all directions, the 
figure shows concentric circles representing the three regions; the “soft” 
region, the “hard” region, and the region of failure. These regions corre-
spond to the regions shown in Figure 6.9. Figure 6.13b shows a deflection 
of the base isolator where the values of shear for the axis-aligned shear 
wall approximation are both in the “soft” stiffness region but the total 
deflection places the base isolator in the “hard” stiffness region. Analyses 
by the authors of this report have shown that a better numerical solution is 
obtained by rotating the pair of shear walls used to model the base isolator 
so that one shear wall lies along the line of deflection with the full stiffness 
and the perpendicular shear wall has no deflection at all, and is fully in the 
soft region. This better numerical modeling procedure is shown in 
Figure 6.13c.  
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Figure 6.13. Nonlinear response of the base isolaters with respect to modeling with shear walls. 
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Figure 6.14 shows an impact nosing and a (four) base isolator system for 
time step t0 of the simulation. Because FBEAS has not yet been applied to 
the impact nosing, each base isolator can be modeled as a pair of shear 
walls orthogonal to the global coordinate system. Given that the base iso-
lators are unstressed and that all possess the same magnitude of shear 
stiffness, the center of rigidity calculations discussed below, show that the 
center of rigidity coincides with the centroid of all four base isolators com-
prising this example system at initial loading. The response of the base 
isolators will guarantee that the impact nosing structure will rotate about 
the center of rigidity in response to a force.  
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FBEAS
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Figure 6.14. Impact nosing and base isolator system at time t0. 

The center of rigidity may or may not be coincident with the center of 
gravity of the impact nosing dependent on the number, geometric layout, 
size, deflection, and stiffness characteristics of the base isolators. It may 
change its position during loading because of the non-linear response of 
individual base isolators (shown in Figure 6.13) combined with a non-
uniform special distribution of displacement per isolator as depicted at 
time t1 in Figure 6.15. 

Analyses by the authors of this report have shown that the center of 
rigidity method is highly inaccurate for non-orthogonal shear elements, 
limiting its use to models of the base isolators as axis-aligned shear walls.  
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An example of the axis-aligned shear walls for base isolators is shown in 
Figure 6.15. Therefore, it is inadequate for dealing with the nonlinear 
shear stiffnesses presented by a base isolator for our generalized loading 
conditions, as discussed above. It is presented here to show how isolators 
can be represented as perpendicular shear walls and is used to verify the 
Medwadowski (1969) solution presented in a subsequent section. 

FBEAS

Y

X

Center of Rigidity

Deflection

Axis-aligned shear walls

 
Figure 6.15. Impact nosing and base isolator system at time t1 

(with axis-aligned shear walls). 

Figure 6.16 shows an impact nosing with each base isolator modeled as a 
pair of shear walls with one oriented along the line of deflection for the 
base isolator force versus shear deflection model and the other directed 
perpendicular to the first (represented by the Figure 6.13 relationship). 
The shear walls associated with each base isolator have their own orien-
tation. These walls can be used with the Medwadowski (1969) solution 
presented subsequently. 
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Figure 6.16. Impact nosing and base isolator system at time t1 

(with deflection oriented shear walls). 

6.6 The center of rigidity method 

One method for determining the forces applied to the impact nosing from 
the base isolators is based on the determination of the center of rigidity for 
all base isolators connected to the impact nosing. The center of rigidity is 
the point (in plan view) that the impact nosing will rotate about based on 
the collective stiffnesses of the base isolators and the forces acting on the 
impact nosing. 

6.6.1 Determining the center of rigidity 

Calculating the center of rigidity involves determining the stiffness of each 
base isolator in the cardinal directions. When these stiffnesses are deter-
mined, the calculation of the center of rigidity for an impact nosing is 
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where the summation occurs for every base isolator attached to the impact 
nosing, Kx and Ky are the stiffnesses calculated for the base isolators, and x 
and y are the current coordinates of the base isolators. 

6.6.2 Resolving external forces to the center of rigidity 

When forces are applied to the face of the Deformable BEAS impact 
nosing, these forces need to be applied to the center of rigidity in much the 
same way as forces are applied to the center of gravity of a free body dia-
gram for a rigid body, as shown in Figure 6.17. Given a force vector P at an 
impact x,y coordinate Limpact and with the x,y coordinate Lcr being the loca-
tion of the center of rigidity, the translation force and rotation moment to 
the center of rigidity are 

 crP P
 

 (6.3) 

 ( )cr impact crM P L L  
 

 (6.4) 

Y

X

Lcr

P


Limpact

crP


crM


 
Figure 6.17. The forces acting on the center of rigidity. 

The moment vector about the out-of-plane third axis is created using the 
cross-product of the force vector and the vector formed by subtracting the 
center of rigidity x,y coordinates from the impact x,y coordinates. 
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6.6.3 Rotational stiffness of all isolators (polar moment of inertia) about 
center of rigidity 

The polar moment of inertia about the center of rigidity is expressed as the 
sums of the directed stiffnesses of the base isolators multiplied by the 
square of the moment arm perpendicular to that direction. The xbar and 
ybar terms are the orthogonal distances of the corresponding base isolator 
from the center of rigidity.  

 cr x bar y barj k y k x 2 2  (6.5) 

The directed isolator loads at each isolator are computed from the forces 
and moments acting at the center of rigidity for the impact nosing. 
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6.6.4 Example 1: An example solution for a simple 4 base isolator system 

This sub-section outlines the seven calculation steps used to determine the 
individual isolator (shear) force responses for four base isolators to the 
Figure 6.18 applied (external) load. The Center of Rigidity Approach is 
used in the determination of isolator (shear) forces. Note that the displace-
ment computations are not shown for the isolators in this example. 

Step 1 (Figure 6.18): 

• Establish Coordinate System 
• Locate Isolators 
• Specify Stiffness in X and Y Directions  
• Locate Load Application Point and Specify X & Y Components. 
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Figure 6.18. Center of rigidity example problem. 

Step 2: Locate Center of Rigidity. 

Table 6.1. Center of rigidity calculations. 

Isolator 
Number Kx Ky y x Kx ● y Ky ● x 

1x   135    6     810  

1y    135    3  405 

2x   135  14  1890  

2y    135    3  405 

3x   135    6     810  

3y    135  17  2295 

4x   135  14     1890  

4y    135  17  2295 

 ∑540 ∑540   ∑5400 ∑5400 
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Step 3: Resolve forces to center of rigidity. 

Eccentricity (e) (Figure 6.19) 

ex = (Limpact-x-Lcr-x) = 10 feet 

ey = (Limpact-y-Lcr-y) = -9 feet 

 ( •- )- (- • )crM P e   100 9 1000 10 9100
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Figure 6.19. Resolving the forces. 
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Step 4: Compute the polar moment of inertia. 

Table 6.2. Rotational stiffness of all isolators (polar moment of inertia) about CR. 

Isolator 
Number Kx Ky ybar xbar Kx ● ybar 2 Ky ● xbar 2 

1x 135  7   6615  

1y  135   -4   2160 

2x 135  7   6615  

2y  135   4   2160 

3x 135  -7   6615  

3y  135   -4   2160 

4x 135  -7   6615  

4y  135   4   2160 

 ∑540 ∑540   ∑26460 ∑8640 

 

 cr x bar y barj k y k x    2 2 26460 8640 35100  foot-kips 

Step 5: Compute the distribution of isolator reactions in the 
X-direction (Table 6.3). 
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Table 6.3. Distribution of isolator reactions in X-direction. 

Isolator 
Number 

K 
kips/ft 

X

X

k

k
 X

X
X

k
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 X bar

cr
CR

k y
M

j

     
 

ShearX 

1x 135 0.25  25 35 (7)= 245 25 + 245 = 270 

2x 135 0.25  25 35 (7)= 245 25 + 245 = 270 

3x 135 0.25  25 35 (-7)= -245 25 + -245 = -220 

4x 135 0.25  25 35 (-7)= -245 25 + -245 = -220 

  540  ∑100  ∑0  ∑100 
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Step 6: Compute the distribution of isolator reactions in the 
Y-direction. 

   ( )Y
cr

CR

k
M

j
 

135 9100 35
35100

 

 Y barY
Y Y cr

Y CR

k xk
Shear P M

k j

              
 Isolator Loads in Y-Direction 

Table 6.4. Distribution of Isolator Reactions in Y-direction. 

Isolator 
Number 

K 
kips/ft 

y

y

k

k
 

y
y

y

k
P

k

     
 

y bar
cr

cr

k x
M

j

     
 

ShearY 

1y 135 0.25  -250 35 (-4) = -140 -250 -140 = -390 

2y 135 0.25  -250 35 (4) = 140 -250 + 140 = -110 

3y 135 0.25  -250 35 (-4) = -140 -250 - 140 = -390 

4y 135 0.25  -250 35 (4) = 140 -250 + 140 = -110 

  540  ∑-1000  ∑0  ∑-1000 

 

Step 7: Summarize the force response of each of the four base 
isolators to the applied loads. 

Figure 6.20 summarizes the pair of forces acting on each of the four base 
isolators determined by the calculations above. 
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Y

-1000 Kip

100 Kip

X

(0,19)

2

3 4

1

-220 kips -220 kips

270 kips 270 kips

-390 kips

-390 kips

-110 kips

-110 kips

 
Figure 6.20. Forces acting on each of the base isolators. 

6.7 The Medwadowski Method 

The Medwadowski (1969) solution uses a stiffness matrix approach to 
determine the resultant forces from the shear walls in a system. Shear 
walls are designated by a point on the wall specified in the global coordi-
nate system and the angle the shear wall makes from the global x axis in a 
right-handed coordinate system (α), as shown in Figure 6.21. 
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Vy

Vx
T

xi

yi

αi

ith element

δx

δy

θ

Line of shear strength

 
Figure 6.21. Defining the coordinate system, external forces V, 

displacements δ and rotation θ acting on the system  
and the ith shear wall. 

The force acting on the ith element of the system for a deflection δ (as 
shown in Figure 6.22) is 

 i i iP Kδ  (6.11) 

Pi - force

Ki - stiffness

δi - deflection

 
Figure 6.22. Deflection δi due to force Pi 

acting along the ith element. 
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Using the global (right-hand) coordinate system, 

 ( cos sin )i i x i y i iP Kδ α δ α θr    (6.8) 

with: 

 sin cosi i i i ir xα y α   (6.9) 

The equations of equilibrium for the system are 

 cos
N

i i x
i

Pα V



1

 (6.10) 

 sin
N

i i y
i

Pα V



1

 (6.11) 

 
N

i i
i

Pr T



1

 (6.12) 

Substitution of Equations 6.8 into Equations 6.10, 6.11, and 6.12 results in 

     Kδ V  (6.13) 

defined as  

 

cos sin cos cos

sin cos sin sin

cos sin

N N N

i i i i i i i i
i i i

x xN N N

i i i i i i i i y y
i i i

N N N

i i i i i i i i
i i i

Kα K α α K r α

δ V

Kα α K α K r α δ V

θ T
K rα K r α K r

  

  

  

 
 
 

                                  
 
  

  

  

  

2

1 1 1

2

1 1 1

2

1 1 1




(6.14) 

or, in simplified notation, 

 
x xy xt x x

xy y yt y y

xt yt t

K K K δ V

K K Kδ V

K K Kθ T

                                        

 (6.15) 
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Solving for displacements 

  
x x

y y

δ V

δ K V

θ T



                                 

1  (6.16) 

with  

 
( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

y t yt xt yt xy t xy yt xt y

xt yt xy t x t xt xy xt yt x

xy yt xt y xy xt yt x x y xy

K K K K K K K K K K K

K K K K K K K K K K K K
K

K K K K K K K K K K K



    
     
 
    

2

1 2

2

1  (6.17) 

and the determinant is 

( ) ( ) ( )x y t yt xy xy t yt xt xt xy yt xt yK K K K K K K K K K K K K K K     2  (6.18) 

After the shear wall displacements have been calculated using Equa-
tion 6.16, Equation 6.8 is used to calculate the force that the ith shear wall 
exerts back on the impact nosing system. This is done for all pairs of the 
shear wall modeling each of the base isolators. 

When applying the Medwadowski (1969) approach to model base iso-
lators, two shear walls, each perpendicular to one another, are used to 
model each base isolator. Figure 6.16 shows an impact nosing with each 
base isolator modeled as a pair of shear walls via the Medwadowski pro-
cedure with one oriented along the line of deflection for the base isolator 
force versus shear deflection model and the other directed perpendicular 
to the first (represented by the Figure 6.13 relationship). An important 
capability of the Medwadowski procedure is its ability to accurately model 
(numerically) non-orthogonal shear elements of the type shown in Fig-
ure 6.16. This provides a significant advantage over the center of rigidity 
method (which is limited to the axis aligned shear walls of Figure 6.15) for 
our base isolator system response problem for the Deformable BEAS. As 
the line of deflection changes during impact loading of each individual 
base isolator, the orientations of the pairs of base isolators used to model 
each base isolator is such that for each base isolator, one “shear wall” is 
always oriented along the line of deflection (with the second “shear wall” 
directed perpendicular to the first). Thus, the first “shear wall” will provide 
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the resistance to the deformation in the numerical model at that unique 
time step. For the next time step the orientation of loading of that indi-
vidual isolator may change and the orientation of the paired, orthogonal 
“shear walls” is rotated to adapt to the new line of deformation. The 
authors of this report determined this to be an important und unique 
capability of the Medwadowski method for modeling the base isolators. 

6.7.1 Example 1: Solution for a simple 4 base isolator system 

For our first example using the Medwadowski method, we’ll use the same 
example problem used for the Center of Rigidity calculation and Fig-
ure 6.18. To show comparable results, we’ll model the base isolators as 
pairs of shear walls with one shear wall along the X axis at 0 degrees and 
the other shear wall along the Y axis at 90 degrees. 

For the four base isolators, we have eight shear walls and loading 
conditions as follows 

Force = 1004.99 Theta = 95.7106 degrees Moment = 0 

1 <6,3> K = 135 0 degrees  

2 <6,3> K = 135 90 degrees  

3 <14,3> K = 135 0 degrees  

4 <14,3> K = 135 90 degrees  

5 <6,17> K = 135 0 degrees  

6 <6,17> K = 135 90 degrees  

7 <14,17> K = 135 0 degrees  

8 <14,17> K = 135 90 degrees  

Solving for ri for the shear walls using Equation 6.9, we find: 

r[1] = -16 

r[2] = -6 

r[3] = -16 

r[4] = -14 

r[5] = -2 

r[6] = -6 

r[7] = -2 

r[8] = -14 
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The values for the matrix [K] are resolved to 

Kx = 540 

Ky = 540 

Kt = 132840 

Kxy = -2.33308e-005 

Kxt = -4860 

Kyt = -5400 

with a determinant of 

|K| = 1.02352e+010 

This leads to a [K]-1 matrix as follows 

 
0.00415954 0.0025641 0.00025641

[ ] 0.0025641 0.00470085 0.0002849

0.00025641 0.0002849 2.849e-005

K 

 
 
   
 
 

1  

We have {V} from our original definition (resulting forces) 

 { }V

            

100
1000

0
 

from Equation 5.16 

  
.

.

.

x x

y y

δ V

δ K V

θ T



                                                       

1
2 14815
4 44444

0 259259
 

Substituting these deflections into Equation 5.8 with the stiffness and ri 
values for each shear wall, we can determine the shear at each shear wall. 

1 Shear = <270,0> 

2 Shear = <1.685e-005,-390> 

3 Shear = <270,0> 

4 Shear = <4.75256e-006,-110> 
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5 Shear = <-220,-0> 

6 Shear = <1.685e-005,-390> 

7 Shear = <-220,-0> 

8 Shear = <4.75256e-006,-110> 

These results are the same as our Center of Rigidity calculation, since all 
the shear walls are axis-aligned. The solution would be equally valid for 
shear walls that weren’t axis-aligned, unlike the Center of Rigidity calcu-
lation. This is deemed to be a significant limitation of the Center of 
Rigidity method when numerically modeling base isolators as pairs of 
“shear walls” by the authors of this report. 

6.7.2 Example 2: Solution for a more complex, nonorthogonal shear wall 
system 

For the second example using the Medwadowski method, we’ll use the 
same example problem included with the Medwadowski (1969) paper as 
shown in Figure 6.23. The example consisted of six shear walls, one at a 
nonorthogonal angle (i.e., shear wall 2) and the last two being used to 
represent a column.1 

Y

X

50

50
1

2

3
4

5
6

12

12

12

18 18 18

Note: Perpendicular shear walls 5 and 6 are used to represent a column at that location. 

450

α4

α2

α3

 
Figure 6.23. The Medwadowski example problem. 

                                                                 
1 Observe that the modeling of a column in this example by a pair of orthogonal “shear walls” is the 

same as the model we are using for a base isolator. 
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The six shear walls and loading conditions follow 

Force = 70.7107 Theta = 135 degrees Moment = -450 

1 <45,0> K = 0.0755 0 degrees  

2 <54,-6> K = 0.0283 90 degrees  

3 <45,-18> K = 0.1123 33.69 degrees  

4 <0,-18> K = 0.0425 90 degrees  

5 <18,-36> K = 0.0015 0 degrees  

6 <18,-36> K = 0.0015 90 degrees  

Solving for ri for the shear walls, we find: 

r[1] = 0 

r[2] = -54 

r[3] = -39.9384 

r[4] = 7.77692e-007 

r[5] = -36 

r[6] = -18 

The values for the matrix [K] are resolve to 

Kx = 0.154746 

Ky = 0.106854 

Kt = 264.08 

Kxy = 0.0518307 

Kxt = -3.78582 

Kyt = -4.04307 

with a determinant of 

|K| = 1.18284 

This leads to a [K]-1 matrix as follows 

 
10.0364 1.36864 0.164835

[ ] 1.36864 22.4315 0.363048

0.164835 0.363048 0.0117081

K 

 
 
   
 
 

1  
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We have {V} from our original definition (resulting forces) 

 { }V

            

50
50

450
 

from Equation 6.16 

  
.

.

.

x x

y y

δ V

δ K V

θ T



                                                       

1
359 213
1216 52
15 1793

 

Substituting these deflections into Equation 6.8 with the stiffness and ri 
values for each shear wall, we can determine the shear at each shear wall 

1 Shear = <27.1206,0> 

2 Shear = <4.8521e-007,-11.2304> 

3 Shear = <21.5209,14.3473> 

4 Shear = <2.23379e-006,-51.702> 

5 Shear = <1.3585,0> 

6 Shear = <6.11323e-008,-1.41493> 

These calculations of the multi-shear wall problem, that included non-
orthogonal shear walls, matched the results given in the Medwadowski 
(1969) paper; thereby validating the formulation given in this report and 
corresponding software. This same Medwadowski example shear wall 
system example problem was solved using the Center of Rigidity method. 
The Center of Rigidity solution resulted in significant errors for deflections 
and shear wall forces. This error is due to the presence of non-orthogonal 
shear walls. The magnitude of the error is deemed unacceptable for the 
base isolators modeling effort. 

6.8 Summary 

This chapter has given an overview of the proposed designs and the com-
plexities of designing a Deformable BEAS structure with base isolators. 
Design efforts must concern themselves with engineering concerns such as 
variance of river depth and the type of bottom the river has, as well as how 
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easy the BEAS will be to replace in case it is damaged and how effective it 
is for absorbing energy from an impact without sustaining damage. 

A valid concern for modeling the reactions of the Deformable BEAS to the 
forces acting on it is the accurate modeling of the nonlinear response of 
the base isolators that are supporting the impact nosing. Calculations 
made by the authors of this report show that a base isolator could be 
modeled as a pair of perpendicular shear walls, and that these walls could 
be aligned so that one wall was always along the line of deflection for the 
base isolator to more accurately represent the orientation independence of 
the stiffness of the base isolator. 

Methods for modeling a system of base isolators connected to an impact 
nosing were presented. A method for calculating forces at the base iso-
lators based on calculating the center of rigidity was discussed, as well as 
its limitation of modeling only axis-aligned shear walls. Another matrix-
based method was presented which allowed for modeling the base 
isolators with respect to their deflection direction.  
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7 Future Research 

The Deformable BEAS research will continue through FY 12 if funding is 
provided. There are several major tasks remaining to complete.  

7.1 Field tests of approach conditions at Markland Locks and Dam 

Field tests to collect prototype data needed to verify that the approach 
conditions at Markland Locks and Dam will be conducted in FY10. The 
Markland project has been identified as the best opportunity to install a 
prototype BEAS and begin monitoring the design performance. Equip-
ment has been acquired. It will be assembled into a system and then 
installed at the project to measure the approach angles and both the rota-
tional and translational approach velocities for tows entering the main 
chamber at Markland. This data will be used to help determine the angles 
of attack and expected velocities that the Deformable BEAS will need to be 
designed to withstand. The field data collection effort will need a mini-
mum of a complete set of four seasons of data (i.e., a one year window) due 
to the inter-relationship between allisions and the higher flow and outdraft 
conditions that occur in winter and spring (refer to Chapter 3). The 
recorded information will also be used to make probabilistic projections of 
impacts to help refine the usual, unusual, and extreme load conditions for 
the Deformable BEAS. This work was originally scheduled to start in 
September 2009, but the main lock is out of operation due to a miter gate 
failure. The lock was back in operation by early in March 2010. The 
equipment was installed and checked out at the end of March 2010.  

7.2 Numerical model 

A numerical model is under development to compute the lashing response 
during an impact of a barge train with a Deformable BEAS. This numerical 
model has three major parts: (1) the actions and reactions of the barge 
train, (2) the actions and reactions of the Deformable BEAS, and (3) the 
shear forces and deformations distributed among the base isolators. The 
interactions between these components define the full system. 

For simulations of the barge train, a generic logical representation of barge 
geometry and bitt layouts has been defined by this research team, and a 
method for representing lashings with nonlinear force-strain relationships 
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has been developed. To make the simulations accurate for real-world cir-
cumstances, standard barge bitt and lashing layouts have been requested 
of and received from three major towing companies. Wire rope has been 
acquired and testing has been initiated to determine the rupture strain and 
the non-linear force-strain relationship for wire rope of varying sizes and 
conditions. These real-world data are being collated and represented 
within the barge-train simulation environment (under development). 

For each user specified pier table geometry, impact nosing configuration 
and corresponding base isolator layout, a suite of simulations will be 
required to investigate the Deformable BEAS performance for Usual, 
Unusual and Extreme design load cases. Simulation of the Deformable 
BEAS, its parts and the parts components will have to be created for each 
possible design because of the different ways that coupling can occur 
between the individual parts and components of parts, of the structural 
system. Limited data has been collected and interpreted for modeling the 
non-linear response of individual base isolators from select manufac-
turers. Once the simulation tool is complete, the focus will then turn to 
developing methods for representing the geometry of the impact nosing 
sections, as well as implementing the numerical models to realistically 
model the interactions between individual impact nosing sections and 
between impact nosing sections and their base isolator supports. 

7.3 Research goal 

It is envisioned that a Deformable BEAS system will reduce the potential 
for lashing failures during a barge train impact with a bullnose. This will 
be accomplished by allowing the bullnose to deform during an impact 
event and thereby allow the barge train to decelerate at a rate such that the 
strains accrued within the lashings do not exceed their rupture strain. The 
goal of the engineering formulation and PC-based software tool introduced 
in this report (and currently under development) is to allow the engineer 
to propose and then investigate different Deformable BEAS conceptual 
designs. There is no off-the-shelf software that is capable of conducting 
this type of investigation for the Deformable BEAS categories of structural 
systems described in this report. 
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