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Bulkhead Gate Testing 

Executive Summary 
The Bureau of Reclamation has used simplified analysis techniques and hand calculations for the 
design of bulkhead and stoplog gates for its entire history. This results in gates that are robust and 
safe but are heavier than needed to be for the given design requirements. There exist many site-
specific requirements where the weight of the bulkhead gates or stoplogs being reduced would result 
in a large cost savings to the government. The current design standards and practices are not 
conducive to finite element analysis(FEA) modeling as there can be a large discrepancy between lab 
result and the results from the FEA. Narrowing this gap would result in more advanced analysis 
techniques and a reduction in the weight of a bulkhead gates or stoplogs. 

This research primarily attempted to align the results of traditional hand calculations, FEA results, 
and lab results. Correlation of these three results would increase technical ability and provide an 
opportunity for closed loop analysis of bulkhead gates and stoplogs. A scale model steel and 
composite bulkhead were fabricated and tested to failure. Strain measurements were recorded during 
all testing runs. 

The research allowed for closer alignment between the FEA results and the actual testing results that 
normally would not occur. The steel bulkhead gate results were able to be aligned after modification 
to the FEA simulations. This allows for an increase in confidence in the technical capabilities within 
the Mechanical Structures group at the TSC. The composite results did not get aligned even after 
modifications to the FEA simulations. This lab testing did show unusual material behavior that was 
not expected. The FEA for composites requires a higher level of technical ability as the material is 
anisotropic, has less than ideal joints, and higher variability within the material itself. 

The next step in gate optimization would be to run tests in a real-world application. Applying the 
lessons learned from the lab test to the design of a new steel bulkhead gate or stoplogs. Composite 
bulkhead gates are intriguing but may not be as beneficial in pursuing next steps as much as steel 
bulkhead gate. This is for several reasons. The primary reason is longevity and infrequency of real-
world use. A typical bulkhead gate use case has several years, in many cases decades, between uses. 
They are typically stored outside where they are subject to environmental exposure. Given the life 
safety component of bulkhead gates and stoplogs, it is imperative to have 100% confidence in a 
bulkhead gate that may be upwards of 50 years old. With steel this is easy given current material 
thickness testing capabilities. Non-destructive composite testing does not have this level of accuracy. 
The second reason is technical competency. The required cases where a composite bulkhead gate 
would be superior to a steel bulkhead gate only occurs once every several years. This results in a 
lower technical ability when designing a composite bulkhead gate or stoplogs. 
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Bulkhead Gate Testing 

Background 
Bulkhead gates and stoplogs are used as isolations gates for the overhaul and maintenance of flow 
regulating gates. They are traditionally made of steel and are life safety equipment. They function as 
the sole point of withstanding the water head of the reservoir or canal. With their critical nature 
bulkhead gates are robust with the analysis simplified to provide a more conservative result that may 
not be as accurate as the real-world loading case may be. This results in bulkhead gates that tend to 
be heavier than necessary. This excess weight is seen as an acceptable tradeoff given the critical 
nature of a bulkhead gate. There are cases where a lighter bulkhead gate would save the government 
and water districts money during the construction phase or when a bulkhead gate is placed. 
Typically, these scenarios include placing a bulkhead gate with the use of a crane mounted on a 
barge. The derating required of a crane when on the water effectively amplifies the weight of the 
bulkhead by two. The use of modern FEA software allows for a lighter, more cost-effective design 
while still retaining acceptable safety factors. 

The origins of FEA can be traced back to the Apollo space program. NASA engineers wrote the 
first programs to analyze parts and models using computer software. FEA has evolved considerably 
and has grown to include variations on CFD and thermodynamic analysis. Generative design is the 
next step in FEA but it is beyond the scope of this research project. Two separate FEA software 
packages were used within this research project, the embedded FEA program within Autodesk 
Inventor and the standalone Autodesk NASTRAN package. This was required because the 
embedded software in Inventor is not capable of analyzing composite materials. 

While powerful, FEA has several limitations that are inherent within the software and must be 
accounted for. This includes boundaries conditions, material properties, mesh geometry, and node 
interactions. These limitations can be resolved through a closed loop design process where test 
results interface with FEA resulting in the refinement of the FEA. Aligning these two values 
generally takes several iterations. This is a costly and time-consuming process that does not align 
with BOR’s general design and construction schedules. There is not enough time or money to build 
and test multiple bulkhead gates with the goal of saving the end user money. It is simpler, cheaper, 
and faster to build a bulkhead gate a bit heavier than it needs to be and spend more money during 
the installation phase. This project allowed for a unique look into utilizing existing tools to align 
FEA data in a manner that would not be an option within the current work process. 

Two bulkhead gates were fabricated and tested, both with the goal of optimizing current design 
practices and gaining knowledge with various materials. 

The loading sequence for the steel bulkhead gate started at 100,000 lbs being held for approximately 
20 seconds and being released to zero load. The process was repeated at 100,000 lbs increments 
until residual strain was shown in the real time data in the form of strain gauges not zeroing out after 
the test. A non-zero strain gauge after a resulting test indicated the steel had moved out of its elastic 
range and into the plastic deformation range. This would result in a bulkhead gate that has yielded 
and would no longer be considered safe. 
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Bulkhead Gate Testing 

The loading sequence for the fiberglass bulkhead gate started at 75,000 lbs being held for 
approximately 20 seconds and being released to zero load. The process was repeated at 25,000 lbs 
increments until residual strain was shown in the real time data in the form of strain gauges not 
zeroing out after the test. A non-zero strain gauge after a resulting test indicated the steel had moved 
out of its elastic range and into the plastic deformation range. This would result in a bulkhead gate 
that has yielded and would no longer be considered safe. Finally, the bulkhead gate was tested until 
catastrophic failure. 

Bulkhead Gate Components 
A bulkhead gate is shown in Figure 1. The strap bars are yellow. The skinplate is red. The side plates 
are purple. The main support beams are turquoise. The strain gauges are red. The seat bars are 
green. 

Figure 1: Bulkhead schematic. 
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Bulkhead Gate Testing 

Results 

Steel Bulkhead Gate 

Hand Calculations 
Hand calculations make a variety of assumption that differ from the laboratory testing results and 
the FEA results. The hand calculations did not account for the stiffening or distributed load from 
the ribs placed under the strap bars. The hand calculations also assume no moment about the seat 
bars which the laboratory results do and the FEA attempts to recreate. The hand calculations also 
did not account for the load distributed along the entirety of the central bar. A more complete 
overview of the hand calculations is in Appendix C. 

A simply supported beam with a center point load was chosen as the beam equation that most 
closely resembled the laboratory testing and real-world installations. The centroid of the beam and 
skinplate was found and the moment of inertia of the combined sections was found using the 
parallel axis theorem. The load was equally applied to the full face of the strap bar which is the same 
loading scenario used in the laboratory testing and the FEA simulations. 

The standard hand calculation resulted in a compression stress of 37.8 ksi. While this value does not 
reflect the directional analysis of the FEA simulations and the laboratory results it does show a high 
degree of correlation between all three analysis methods. 

Finite Element Analysis 
The FEA went through multiple simulations and iterations to align the results of the analysis with 
the laboratory results. The mesh size was varied as well as the boundary conditions. The mesh size 
was varied to bracket the results to ensure the results were valid. This was done through mesh 
reduction until the difference in the results were less than 10%. The mesh was started at 0.100 as a 
fraction of the part size. This was reduced to 0.05 initially and then to 0.0375 and finally at 0.025 for 
each boundary condition. 

Boundary conditions were varied to mimic real world boundary conditions. The FEA solver within 
Autodesk Inventor Professional does not have the capability to add a friction force. This forces 
approximation of the boundary conditions within the software. Varying these conditions allow for 
the refinement of the model to align with laboratory testing results. The first boundary condition 
used fixed seat bar faces. The second boundary conditions consisted of pinned seat bar edges. The 
third iteration used pinned edges and a frictionless constraint on the seat bar faces. 

The load of 400,000 lbs was applied to the face of the central strap bar for all analysis simulations. 
All laboratory results showed the strain was the highest in absolute value terms at strain gauge 
number four. It was this location that the analysis was focused. Table 1 shows the stress from the 
FEA model. 
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Bulkhead Gate Testing 

Table 1: FEA results at Strain Gauge #4 

400,000 lb load case 
Mesh Size (Results in ksi) 

Boundary 
Conditions 

.1 .05 .0375 .025 

Pinned Edges -36.28 -32.83 -32.66 -40.7 
Fixed seat bar 
faces 

-30.65 -33.03 -30.18 -33.38 

Pinned edges 
w/ frictionless 
face 

-35.61 -31.55 -30.31 -32.09 

Figure 2: FEA Results for pinned edges, .1 mesh size, and 400K lbs 

Laboratory Results 
The strain results from the testing sequence were recorded at eight locations. Two locations 
recorded strain in perpendicular directions. The skinplate was measured at the center point. The 
center beam was measured in two locations. The strap bar was measure in two locations. The web 
was measured in one location on the edge of the bulkhead gate to check compression at the seat bar 
face. 

The data for several strain gauges did not report data that aligned with the expected function of a 
strain gauge or a stress test. Several strain gauges did report data that was consistent with the 
expected behavior of steel and of a strain/load relationship. This analysis focused on the strain 
gauges that behaved as expected versus attempting to proffer a reason as to why certain strain 
gauges did not function as expected. 
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Bulkhead Gate Testing 

Figure 3: Experimental setup for the steel bulkhead gate. 

Figure 4: Strain gauges #1 and #2. Centered on skinplate. 
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Bulkhead Gate Testing 

Figure 5: Strain gauges #3 and #4 on the steel bulkhead gate. Located in the middle of the center support 
beam. 

Figure 6: Strain gauge #5. Located underneath the outer strap bar. 
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Bulkhead Gate Testing 

Figure 7: Strain gauge #6, #7 is underneath. Located between support beams on the outer strap bar. 

Figure 8: Strain gauge #8. Located on the outer edge of the center support beam. 

7 
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Figure 9: 400K load test, strain gauge #4. 
 

 

400K Lb load case - Strain Gauge #4 

Figure 9Figure 19 show the strain data from gauge #4 converted to stress. There data is truncated 
shortly after the peak load to highlight the maximum reading. 
 
The peak compression shown on the laboratory data is 37.9 ksi.  
 

Comparison 
 
Hand calculations had a result of 37.8 ksi in compression. The FEA data most closely aligned with 
the pinned edges, showing an average of 35.6 ksi in compression. The lab testing had a maximum 
compression of 37.9 ksi. There is some natural variability in the strength of steel. The spread of 2.3 
ksi between all results is very low, resulting in a 6.1% difference. Given the variety of assumptions, 
this is a high correlation. 
 

Fiberglass Bulkhead Gate 

Hand Calculations 
A simplified analysis was undertaken for the hand calculations of the fiberglass bulkhead gate. It was 
assumed the 45 degree offset of the layers would create an approximation of a 2D isometric 
material. This allowed for traditional hand calculations to be performed that was identical to the 
steel hand calculations. A more complete overview of the hand calculations is in Appendix C. 
 
The hand calculations did not account for the stiffening or distributed load from the ribs placed 
under the strap bars. The hand calculations also assume no moment about the seat bars which the 
laboratory results do and the FEA attempts to recreate. The hand calculations also did not account 
for the load distributed along the entirety of the central bar. 

8 



   

 

 
                 

              
                

                    
           

 
                 

                 
        

 

  
               

               
                

              
              

              
                 
               
                 
             

 
                  

                
             
                 

      
 

        

    
   

 
      

 
 

        

      
   
 

    

   
  

    

 

Bulkhead Gate Testing 

A simply supported beam with a center point load was chosen as the beam equation that most 
closely resembled the laboratory testing and real-world installations. The centroid of the beam and 
skinplate was found and the moment of inertia of the combined sections was found using the 
parallel axis theorem. The load was equally applied to the full face of the strap bar which is the same 
loading scenario used in the laboratory testing and the FEA simulations. 

The standard hand calculation resulted in a compression stress of 18.2 ksi. While this value does not 
reflect the directional analysis of the FEA simulations and the laboratory results it does show a high 
degree of correlation between all three analysis methods. 

FEA Results 
The finite element analysis proved difficult to align with the laboratory results. Both FEA solvers 
available from Autodesk were used to align the results with the laboratory results. The NASTRAN 
FEA solver is the best software option available but requires creating a custom material within the 
solver. Fatal errors occurred within the analysis using NASTRAN that required excessive time to 
resolve. The FEA solver plugin within Inventor doesn’t allow for a composite material with 
bidirectional properties that composites exhibit. A glass reinforced plastic material was used as a 
stand in material as it had the closest properties available. The stresses and forces to reach failure 
where closely aligned with the laboratory results. FEA allows for the closest alignment of reaction 
forces, displacement, and stress in that order. That stand in material used for the analysis reached a 
failure force that highly correlated with the failure of the composite bulkhead gate. 

Once a material goes past the yield value in FEA, it reaches elastic deformation and is no longer 
considered small deformation. This adds an extra layer of complexity in aligning the models as the 
composite bulkhead gate exhibits brittle material. Ensuring the analysis reaches yield but not 
excessively allows the results to be useful. Exceeding the yield stress of the material is outside the 
bounds of a useful analysis. 

Table 2: FEA Results at Strain Gauge #4 

75,000 lb load case 
75,000 lb load 
case 

Mesh Size - (Results in ksi) 

Boundary 
Conditions 

.5 in .4375 in .375 in .25 in 

Pinned Edges -18.8 -18.3 -17.5 -19.2 
Fixed seat bar 
faces 

-18.9 -18.2 -17.5 -19.2 

Pinned edges w/ 
frictionless face 

-18.9 -18.2 -17.2 -18.9 
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Bulkhead Gate Testing 

Figure 10: FEA results Fiberglass bulkhead gate, 0.375 in. mesh, 75,000lbs load. 

The same boundary conditions of a fixed seat, a pinned edge, and the combination of a pinned edge 
with a sliding face were used in the analysis. The size of the mesh was reduced by half. NASTRAN 
uses average mesh size versus the standard FEA package that uses a percentage of the part size to 
determine the average element size. The element size was also selected due to it creating a low 
spread across the results and the run time was reasonable. 

Laboratory Results 
The testing process for the fiberglass bulkhead gate was similar to that of the steel bulkhead gate. 
The fiberglass bulkhead gate was tested to 75,000 lbs, 100,000 lbs., 125,000 lbs, and then to 
catastrophic failure at 200,000 lbs. The strain gauges were placed at the same location as with the 
steel bulkhead gate. The bulkhead gate was not visually inspected between loading runs as it was 
expected to fail catastrophically immediately after yield. The fiberglass bulkhead gatefailed at 
approximately 75,000 lbs of load. This is evident from the residual strain shown in the data. 

The fiberglass bulkhead gate failed catastrophically at 200,000 lbs. When the bulkhead gate failed 
catastrophically, the joints popped and the flanges sheared. This large spread between the failure at 
yielding and catastrophic failure was not expected. It may be due to micro failures within the outer 
laminate layer. After each loading scenario, the residual strain increased indicating the gauges were 
functioning correctly. 

10 



   

 

 
        

 

 
          

 

Bulkhead Gate Testing 

Figure 11: Experimental setup for fiberglass bulkhead gate. 

Figure 12: Strain gauge #1 & #2. Centered on skinplate. 
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Bulkhead Gate Testing 

Figure 13: Strain gauge #3 & #4. Located in the middle of the center support beam. 

Figure 14: Strain gauge #5. Located underneath the outer strap bar. 
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Bulkhead Gate Testing 

Figure 15: Strain gauge #6, #7 is underneath. Located between support beams on the outer strap bar. 

Figure 16: Strain gauge #8. Located on the outer edge of the center support beam. 

13 



   

 

 
       

 

 
              
 

 

Bulkhead Gate Testing 

Figure 17: Fiberglass Bulkhead Gate Catastrophic Failure 

Figure 18: Fiberglass Bulkhead Gate Catastrophic Failure: Separation and failure of individual laminates and 
joints. 

14 
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75K Lb load case - Strain Gauge #4 

Figure 19: Strain gauge #4 data converted to stress, 0-75K. 

Figure 19 show the strain data from gauge #4. There are two load and hold periods as shown by the 
horizontal portions of the data. The loading was ramped up to 75,000 lbs and held for 20 seconds. 
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Figure 20: Load sequence to failure. Note the accumulation of residual strain after each loading sequence. 

Figure 20 shows the accumulation of strain and localized yielding shown by strain gauge #3. The 
final loading sequence ends at the catastrophic failure of the bulkhead gate at approximately 200,000 
lbs. 
 

Comparison 
 
Hand calculations had a result of 18.2 ksi in compression. The FEA data most closely aligned with 
the pinned edges, showing an average of 18.45 ksi in compression. The lab testing had a maximum 
compression of 23.56 ksi. The spread of 5.36 ksi between all results is quite high, resulting in a 
22.8% difference. This is a large difference and is most likely could be reduced with further 
expertise. 
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Bulkhead Gate Testing 

Conclusions 
The steel bulkhead gate was able to be correlated between all three results. The ability for the 
bulkhead gate to go past yield and have no visible signs of deformation is concerning. While this 
does not indicate that the bulkhead gate is structurally compromised, steel can strain hardened and 
the cross-sectional area is not significantly reduced. 

The fiberglass bulkhead was not also able to be correlated between the hand calculations, FEA, and 
lab testing. More investigating is needed to understand why the fiberglass bulkhead gate did not fail 
in the expected manner. Understanding the failure is critical in safely designing a fiberglass bulkhead 
gate in the future. 

The intention of the test was to correlate the data between FEA and laboratory results in an effort 
to utilize FEA more accurately in the design of a bulkhead gate. Given the very high correlation, 
FEA can be incorporated into the design of a steel bulkhead gate when weight becomes a limiting 
factor. 

Recommendations for Next Steps 
The data provided various insights into performance aspects that were unexpected and enlightening. 
There was a significant amount of noise in the data that could not be readily explained. The data 
from those strain gauges were not used in the analysis. This did limit the areas that could be 
correlated. Another limiting factor was the number of hand calculations completed and the 
simplifying effect. For example, underneath the outer strap bar was one area where the FEA and lab 
testing provided results but was not analyzed in hand calculations. 

The steel bulkhead gate proved stronger than initially anticipated reaffirming that BOR design 
practices are very conservative in nature. There is room for further refinement of the current design 
process for further optimization of traditional steel bulkhead gate. The steel bulkhead gate 
technically failed while exhibiting very little visual distortion. It is possible that a bulkhead gate could 
technically have failed or yielded while in service and not be discovered without close inspection. 
This scenario is possible but unlikely for one main reason, this test was specifically designed to find 
the failure point of a bulkhead gate. Given that the steel bulkhead gate approximated the anticipated 
force from the initial design, a reservoir or canal would have to exceed its safe water surface 
elevation in order to reach this structural failure point. It is possible that metal loss could reduce the 
safe working head of a bulkhead gate; however, current practices within the BOR are to conduct a 
UT inspection of a steel bulkhead gate in order to determine its remaining strength if the bulkhead 
gates condition is suspected of having been deteriorated. UT inspections are common and 
frequently conducted on various metal components within TSC. 

The fiberglass bulkhead gate proved more difficult to design and analyze than originally anticipated 
requiring a new set of technical skills that will need time to develop. The frequency of a bulkhead 
gate design requiring or utilizing a composite bulkhead is low. Without consistent opportunity to 
apply the required technical skillset, there is a high probability that the skills could atrophy. While 
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the results of the FEA, hand calculations, and lab testing were relatively correlated, the brittle nature 
of fiberglass material requires that a higher safety factor must be used. Also, the intention of this test 
was to failure. Industry standards would have to be purchased and used for bulkhead gates to be 
installed in a field application. More expertise would be required in the analysis of the layup and its 
impact on beam strength if fiberglass was being pursued. 

The next iteration of minimizing gate design would be to use generative design software to remove 
weight with more optimal shapes. Further investigation into why the fiberglass bulkhead gate 
exhibited ductile behavior over the expected brittle failure method would lead to a greater 
understanding of the design and material requirements for use in BOR facilities. 
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Appendix A 
Strain versus time plots for steel bulkhead. 
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Full Load Sequence - Strain Gauge #1 
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Full Load Sequence - Strain Gauge #2 
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Full Load Sequence - Strain Gauge #4 
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Full Load Sequence - Strain Gauge #5 
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Full Load Sequence - Strain Gauge #6 
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Full Load Sequence - Strain Gauge #7 
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Full Load Sequence - Strain Gauge #8 
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Appendix B 
Strain versus time plots for fiberglass bulkhead. 
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Full Load Sequence - Strain Gauge #1 
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Full Load Sequence - Strain Gauge #2 
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Full Load Sequence - Strain Gauge #4 
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Full Load Sequence - Strain Gauge #5 
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Full Load Sequence - Strain Gauge #6 
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Full Load Sequence - Strain Gauge #7 
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Full Load Sequence - Strain Gauge #8 
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Appendix C 
Steel hand calculations. 
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Fiberglass hand calculations. 
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