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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 alignhment 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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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 Ibs 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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The loading sequence for the fiberglass bulkhead gate started at 75,000 Ibs 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. \

Seat Bar
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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 Ibs 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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Table 1: FEA results at Strain Gauge #4

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

Boundary N .05 .0375 .025
Conditions
Pinned Edges -36.28 | -32.83 -32.66 -40.7
Fixed seat bar -30.65 |-33.03 -30.18 -33.38
faces
Pinned edges -35.61 | -31.55 -30.31 -32.09
w/ frictionless
face

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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(DANGER )
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Figure 4: Strain gauges #1 and #2. Centered on skinplate.
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Figure 5: Strain gauges #3 and #4 on the steel bulkhead gate. Located in the middle of the center support
beam.

s W wrd

=

Figure 6: Strain gauge #5. Located underneath the outer strap bar.
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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.
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400K Lb load case - Strain Gauge #4
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Figure 9: 400K load test, 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.
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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 Ib load case
75,000 Ib load Mesh Size - (Results in ksi)
case
Boundary Sin 4375 in 375 in 251n
Conditions
Pinned Edges -18.8 -18.3 -17.5 -19.2
Fixed seat bar -18.9 -18.2 -17.5 -19.2
faces
Pinned edges w/ | -189 -18.2 -17.2 -18.9
frictionless face
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Figure 10: FEA results Fiberglass bulkhead gate, 0.375 in. mesh, 75,0001bs 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 Ibs., 125,000 Ibs, 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 Ibs of load. This is evident from the residual strain shown in the data.

The fiberglass bulkhead gate failed catastrophically at 200,000 Ibs. 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
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Figure 12: Strain gauge #1 & #2. Centered on skinplate.

11
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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.

12
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Figure 15: Strain gauge #6, #7 is underneath. Located between sdpport beams on the outer strap bar.

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

13
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~—

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

14
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75K Lb load case - Strain Gauge #4
180
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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 Ibs and held for 20 seconds.

15
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Strain Gauge #3
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Fignre 20: Load sequence to failure. Note the accumunlation 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
Ibs.

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.

16
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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

17
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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.

18
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Appendix A

Strain versus time plots for steel bulkhead.
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Appendix B

Strain versus time plots for fiberglass bulkhead.
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Appendix C

Steel hand calculations.
T Mathcad - [Bulkhead Gate - Single Point Simply Supported]
',m File Edit View Inset Format Tools Symbolics Window Help

D-SEIBRY| =8B -~ |"; me=

Mormal ~ | Arial ~ 10 V| B 7 O | El §E|
=R ERIg e
My Site v @G
EETTE T .

w00% ~|| (3 |

Bulkhead Gate Testing

Lo =] |Spacing i L g, pve = Spacing |
i\ Loffactive Otherwise |
Ly - 25in

Uniform Loading at Max. Water Head
w = p-Loady ;= 1613 x 107-1bf
Maximum Moment updated to simply supported with center load

w-Span :
My = S = 4071562 in-1hf

Calculate new moment of inertia | using pararell axis theorem with a reference point on skinplate face

d
dy, = 7}3“‘“ 1] tsp = 663in (distance to centroid of beam)
2
s o e % s 4 —
Ab= 21.1in db =665in ,—\b db = 140315-in :\b-db =933.095-in Ib= 597-in
Skinplate =
t, Lyt 5
. _ 5P _meEme 3 2 oood eff “sp
Asp = tsp'LEff dsp = T "\sp dsp = 3125 '_\sp'dsp = 0.781-in Isp T
Sum
ol o
Am =Apt _-\sp = 33.6in UTI
g > =
Adgyy = Apdy + Agpedgy = 14344in — | —
2 5 ( &) | 0
5 O B L vgl T S
L, deg = b 0p T figpUgp = F0SS/0m —
9 A
5 ST ™ E"')ﬁ:
Tym = Iy + Iy = 59726in o O

Beam Stresses

Ad
op = — = = 4260:n

“Tsum

P cd=cy—d

€3 = dyegn + tgp = ¢ = 8.531in G

5 ot =401%in skinplate
ey = beamy +tgp — ¢y =238lin (distance from new centroid to centroid of beam)

2

-

- 018784’ {Moment of inerties at new centroid)

L= Togn + S1'““;1(‘19:1 il

sum

M. ¢

fipy = ﬂ (stress on skinplate face)
L

M, .. Cy
fiy = % (stress on beam flange)

M.
fip3 = % = 10351psi  [stress at beam centroid)

fiq = 18018psi

£y = 37805 psi

C4 is used to calculate the bending stress at the
weld between the horizontal member and the
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Fiberglass hand calculations.

M Mathcad - |Bulkhead Late - Single Point simply Supported - Fiberglass)

mFiIe Edit View Insert Format Tools Symbolics Window Help

D~FWH &ESBYV| 28| | T mp =R
Mormal | Arial v v | B I U|E
A [ r= (2 <F B a8 ®|
My Site v | o
L= 19in

Uniform Loading at Max. Water Head

Press
w08 s me

Maximum Moment updated to simply supported with center load

8030 _ o16875in 10

My =

Calculate new moment of inertia | using pararell axis theorem with a reference point on skinplate face

d;
dy, = bjm + 1ty = 63in {distance to centroid of beam)
s e e 2 | 2ozl
Ay = 1130 dy, = 63in Ayrdy = T4T540 Agedy,” = 48387540 I, = 234-in
Skinplate
t Lt >
v i . _ 5P Ny 7 3175 3 7 2 5 E 5 eff “sp
Ap=tplar dp=— Agpde,=23754n Agpd,” = 050%4in p=—F
Sum
o o
Asu.m = Ab + Asp =2lin _CLS'—-‘
Ad =Ay-dg +A_-d —“17"3 7 H')
Aldgym = Ay T Agpdgy = J10m — |—_TL\_|_ r
5 2 4 4 o ¥ I S («
Sum,geq = Apdp” + Agydg,” = 486.469in —] "] =
L

S —
Loy = Ip + Lp = 254.198in

&1
|

Beam Stresses

Ad
oy = — = 3673n
Acm
; cd=cy—d C4 is used to calculate the bending stress at the
= — gy =8827- R ;
By B g ey~ R A £ weld between the horizontal member and the
4 B skinplate
o3i= bjam +tgp ey = 2827in (distance from new centroid to centroid of beam)
'J‘dsu.mb 4 . . 0
Ly = Ty + Sumpgeq = =437 416in° (Moment of inerties at new centroid)
S UEum
M. .c
frp = ‘m]ix ! (stress on skinplate face) fiy1 = 7603-psi
Muyiax'©2 =
fipp = T (stress on beam flange) fiyy = 18273-psi
L
fp3 = % =5833psi  (sfress af beam centroid)

Bulkhead Gate Testing
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