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Abstract

Electric Boat’s submarine modular structures maytaio trusses designed using elastic
analysis methods for dynamic underwater shock igadbuitable member sizes are partly
determined on buckling criteria usually intendeddesign of columns subject to static loads and
may be overly conservative for dynamically loadetlmns, which can translate into added
module weight and cost. In an attempt to understh@diegree of conservatism, tensile and
compressive tests were performed to determine rabpeoperties for structural steel in column
and truss configurations both statically and dyreathy. Through analysis of results, it's
recommended that the members not be loaded beleirdstatic yield strength and that

consideration be given to reducing column effeckaregth factors.

This project was sponsored and funded by ElectoatBGroton, Connecticut. The
conclusions and recommendations made in this regperthose of WPI and do not necessarily

reflect the opinions of Electric Boat.
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Background

The following project, sponsored by Electric BdaBj, was intended to better
understand the behavior of columns and typicakessnembers when subjected to static and
dynamic loadings and to relate that behavior taettisting design methods for preventing
column buckling in submarine modular structureshilé/a traditional analysis on the trusses in
modular structures (based on design assumptions)umtes that the members are optimally
designed, design methods may have unnecessaryreatis®, which would lead to over-
designed (costlier and heavier) members.

Certain large modular structures in a modern suin@are made of truss structures
fabricated from square tubes. These tubes are wiéded together to form Pratt-type Trusses,
which are then used as the standard truss configanr@r the modules. These modules must be
designed to withstand rapidly-applied loadings ttuenderwater shock conditions.

Chapter H of the AISC Specifications (Chapter kebSConstruction Manual, 2005)
describes the design of members subjected to caulbarces, in this case axial compression
and dynamic bending. The design for combined ®regquires both the allowable and actual
strengths (i.e., axial and flexural bending), whéeh input into specific empirical interaction
equations (i.e., Equation H1 of the AISC Specifmat These equations are outlined and

explained as follows:

For5 =02 -
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In which:
P =Required axial strength (actual stress in axiadlilog),

P. = Critical axial strength (allowable stress in axading),

M, = Required flexural strength (actual stress in ftekbending) and

M. = Critical flexural strength (allowable stress iaXural bending).

A major component in the above equation is thigcatiaxial strength R) which relies

heavily on the slenderness ratig—l'(). The slenderness ratio is the quotient of thegtke of the
r

column (L) and its radius of gyration (r). The &cfor (K) is a constant that depends on the end
conditions of the column and the shape in whidjuitkles. Table C-C2.2 of the AISC
Commentary on the Specification gives approximalees of the effective length factor (K)

with respect to various end conditions. This tgbtevides values ranging from 0.5 representing
a column with both ends fixed, to a value of 1.0da@olumn with both ends pinned and free to
rotate.

The assumption made in the EB design methodologgdlumns in modern submarine
modules involves using the rather conservativeredg of 1.0 for the K factor, which assumes
pin ended connections despite the fact that the arelwelded in the frame. The question that
needs to be asked is how conservative this assomigtand can the members be more optimally
designed without compromising the strength of thiengarine structure. If a more realistic

effective length (KL) of each column in the basiess configuration could be determined, this



would reduce the slenderness ratio and allow ferue of members with smaller cross-sectional
areas while still providing the necessary streffigttihe same loading conditions. Ultimately,
relaxation of conservatism could save on mateaatsfabrication costs as well as decrease the
overall weight of the structure.

The objective of this project is to perform a etyiof experiments and compare the loads
that precipitate actual failure with the designdiogs using the AISC interaction equations. The
comparison will enable a direct association betwberexperimental and design strengths of the

frame modules and show how conservative the cudesign method may be.



Methodology
The following is a list of objectives that will mecessary for successful completion of

this project:

» Determine the loading needed to elastically andtgally deform steel columns and the
provided truss configuration in quasi-static tests.

» Determine the loading needed to elastically andtgally deform steel columns and the
provided truss configuration in dynamic tests.

* Analyze the results of the quasi-static and dynassts using the AISC interaction
equations and determine an appropriate compreksdestrength based on safety factors

acquired from a literature review.

These three objectives will be accomplished thrahghuse of three specific tasks
involving data collection and analysis. These $ashl consist of: procuring and fabricating the
test structures; testing columns and trusses dabjéc quasi-static loading; and testing columns
and trusses subjected to dynamic loading. Eathesk three tasks is explained in further detail
below.

Before any major testing began, an introductorytingevas held between the group and
representatives from Electric Boat. This initiadeting provided the group with the opportunity
to learn about the basics of submarine construetimhdesign in order to obtain a basic
background of the field. Specifics have also baéetailed by EB regarding the primary goals of
this project as well as the creation of a reasantairle frame in which to complete it. Drawings,

material specifications and welding fabrication@feations were provided by EB such that the



test samples could be made in a manner that coatbtaithe manner actual submarine module
trusses are built.

Accomplishing the above project objectives maywaliEB to make less conservative
design decisions which could reduce the cost osthemarine structure without detracting from
the structure’s strength and serviceability. TtaatBchart in Figure 1 gives a visual

representation of the schedule of the project.

Background Research
Material Procurement
Truss Construction
Tensile Bar Tests ]
Column Static Tests [
Truss Static Tests [ ]
Column Dynamic Tests I

Truss Dynamic Tests

Data Analysis

Figure 1. Gantt chart of Project Schedule.

Procurement and Fabrication

The construction of the experimental sample trsi8ak be one of the most time-
consuming aspects of the entire project. The gmillpuse instructions provided by Electric

Boat to determine how to design the symmetric aythanetric truss models that will be utilized



in the testing procedures. Both frame designdased on the file, “Sk WPI 01 Rev B 11-19-
09.ppt” for all of the dimensions (see Figure 2 &glre 3). The specimen frames will
represent a scaled version of a portion of thestfoisa large modular structure of a modern
submarine. The specifications shown in the sketghnevided by EB include material size and
shape, truss configuration, and truss member Isngtsed on EB design processes and the

capabilities of the laboratory testing equipmenival.
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Figure 2: Symmetric truss configuration and dimensionsfor fabricated samples.
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Figure 3: Asymmetric truss configuration and dimensions for fabricated samples.

Material for the first round of testing will be pnared based on ASTM and Electric Boat
specifications. ASTM A500 steel will be used tmstuct the frames. HSS 2” x 2" x 1/8” steel
tubes will be purchased from Peterson Steel in 8&ier, Massachusetts in 24-foot lengths. The
total procurement process will provide enough maltés make 15 truss samples for testing.

The steel will be cut into lengths in the WPI CERaiine shop as specified in the project
description and roughly assembled to make sureathatembers fit properly. Diagonal

members are especially important to consider, @agtlals need to be cut perfectly in order for the
truss to fit together correctly.

Cut pieces of steel tubing will be welded basedheninformation provided in the file,
“Sketch: WPI-01 Rev B.11-19-09” from Electric BqaeeAppendix A). Due to the nature of
the welding specifications, the steel members béllvelded by Worcester County Welding of

Worcester, Massachusetts. The final productsheilthecked by Worcester County Welding



through visual inspection for flaws or discrepasc@pproval documentation will be obtained,

and the trusses will be returned to WPI for testing

Tensile Bar Testing

Before the truss testing began, material propeftethe steel columns needed to be
obtained. Some of the more important propertigatefest when performing this test were the
yielding stress, fracture stress and ultimate str&ections of the HSS steel tubes used to
fabricate the trusses were cut into steel “dog behaped bars that were 15.5” long, 3/4” wide
on the ends, 1/2” wide in the middle, and 1/8”hitkness as mandated by ASTM E8
specifications (ASTM International, 2008). Therahtion of the bars was outsourced to
HydroCutter Co. of North Oxford, MA in order to razk both heating and curving of the
samples which is typical when using a standardmgilinachine to perform the same operation.
These bars were sent out to be punched by the Matgsials Research Company in order to
create reference points with which to measure etog following the testing. The bars were
subjected to tensile forces using the Tinius OlBesting Machine until they broke in half.

The Tinius Olsen Testing Machine (Tinius Olsenl) & used for all tensile bar testing
and quasi-static testing of both the frames androok. It is a large hydraulically-driven tensile
and compressive testing machine which can appbngpcessive force on an object that sits
between the main table and the head of the machiapply a tensile force on an object that is
held between the head of the machine and the g@@onary head. The main table also has the
ability to measure the force being applied by teachwhen under compression. The machine is

connected to a computer which measures and rettwedsmount of force being applied to the



object in the machine as well as the stress-stiaive. The Tinius Olsen Testing Machine and

attached computer module can be seen in Figure 4.

Figure4: Tinius Olsen Testing Machine workstation for tensiletesting and quasi-static testing.

A tensile extensometer was used in order to medkareensile distance so that a stress-
strain curve of the elastic deformation during tieting process could be obtained. Computer
software and the punch marks made on the barsch@pdetermine the properties for the steel
that were mentioned above, which will be importarfuture testing and analysis. A detailed

drawing of a tensile bar can be seen in Figure 5.



Figure5: Detailed model of atensilebar.

Quasi-Static Testing

The quasi-static testing process will be divideo itwo parts: axial compression of a
single member (i.e., 24” in length from stock merand compression along the top chord of a
truss. Both tests will be performed multiple time®btain consistent loading and stress-strain
data. Important pieces of information that wiledeo be observed include the overall forces
and deformation of the frame.

For axial compression on a single column, the memidebe placed vertically in the
Tinius Olsen with the top end free to rotate aredlibttom end held in place by a %2” thick sheet
of plywood with a 2” x 2" square cut in the centeikeep the column from sliding along the
main table or kicking out during testing. The dt&atic column test setup can be seen in Figure

6.



Figure6: Setup for quasi-static loading on a column sample.

For testing of the truss samples, two steel I-beaithde placed side-by-side on the main
table of the Tinius Olsen. Two steel half roundghwa 2” radius simulating roller supports will
be placed 32” apart on opposite ends of the I-bearmdghe truss under load will sit atop them so
it is elevated during testing to allow for deflectiwhen forces are applied; both half rounds will
run perpendicular to the length of the I-beamg|, evéate point loads on the bottom chord of the
truss, and will have negligible deflection.

Loading situations will consist of both distributegsing solid steel stock across the top
chord) and point loaded (using a roller) configimas, as well as “strain-gauged” and non-
“strain-gauged” samples. Samples will be both sytnimand asymmetric. Symmetric trusses
will be tested for buckling stresses on the ceoctdumn while asymmetric trusses will look more

into the moment that is created about the cententodue to central loading along the top



chord and values of strain on the top chord oreeside of the center column. The quasi-static

distributed and point load truss test setups casekea in Figure 7 and Figure 8, respectively.

Figure7: Setup for quasi-static distributed loading on a truss sample.



Figure8: Setup for quasi-static point loading on a truss sample.

Dynamic Testing

Like the quasi-static testing, the dynamic testinitjbe broken into two stages: axial
impact of a single member 24” in length from stockterial and a point-load impact along the
top chord of a truss. Both tests will be performadtiple times to obtain consistent impact
data. Important pieces of information that wiledeo be documented include initial height of
the impact source from the test subject, accet@ratind deformation.

A drop tower with a maximum drop height from thibject of five feet will be used for
all dynamic testing. Compressive springs are alsolable to increase the drop velocity if
necessary. The mass of the drop can be adjustedhei addition or subtraction of steel plates
to the impact head which is connected to the tdwehe four vertical columns. The drop tower

and attached computer module can be seen in Figure



3

W

-

1

IF
i

s

-y

Figure 9: Drop tower workstation for dynamic testing.

For axial impact on a single column, the membdrlvei placed vertically in the drop
tower with the top end free to rotate and the lmotémd held in place by a ¥2” thick plate of steel
with a 2” x 2” square cut in the center to keepdbkimn from moving during testing. The steel
plate will be bolted to the bottom of the drop towehold the specimen in place. Neoprene

rubber pads will be placed on the top of the coldmeliminate noise during impact. The

dynamic column test setup can be seen in Figure 10.



Figure 10: Setup for dynamicloading on a column sample.

The drop tower has two parallel I-beams attachétddoottom of the device. In order to
test the frames dynamically, two-inch radius setiekl rollers will be placed on either I-beam to
act as point loads along the bottom chord of thestr The truss will be situated on top of the
two rollers, running perpendicular to the two I-bsa Two 24" tall aluminum I-beams will be
clamped vertically to each of the horizontal I-bsasith a clearance of 2.5” between each pair.
The I-beams will have tabs welded onto the enddeioto allow clamping. This setup will hold
the sample straight up and prevent swaying ofrilest Rubber padding will be added to the
insides of each pair of vertical I-beams and orhealier support. Tests will be performed both
with and without padding.

Impact experiments will consist of point loadedifgsa roller) configurations, as well as

“strain-gauged” and non-“strain-gauged” sampleamfles will be symmetric only and will be



tested for impact stresses on the center colummrder to dampen the signal of the reading as
well as extend the duration of impact for bettexpipical results, %2” rubber padding will be used
in thicknesses of ¥2” and 1”. Calibration testd Wwé performed for impacts with no rubber
padding, ¥2” rubber padding, and 1” rubber paddinddcide on appropriate dampening. The

dynamic truss test setup can be seen in Figure 11.

Figure 11: Setup for dynamicloading on a truss sample.

Instrumentation

Proper documentation of the tests is the most itapbpart of performing the following
experiments. Throughout the entire testing procedhe following instruments will be used to

collect data for documentation:

» High-speed video camera capable of capturing Up300 picture frames per second.



» 10,000-g piezoelectric shock accelerometer placeith® impact head.
» Strain gauges attached to select columns andrrassbers which are wired to a
computer module.

» Digital photography of the failure patterns.

The high-speed video camera to be used is a FASTC#&kkra capable of capturing up
to 4,500 frames per second with attached lightivag &llows the user to capture the pattern in
which the columns and frames fail with respech®mass dropped at every instant of the test in
very slow motion. The camera will be used onlydgnamic testing. The setup of the high-

speed camera along with the lighting configuratian be seen in Figure 12.

Figure 12: Setup of the high-speed video camera.

The 10,000-g accelerometer will be placed on theaichhead of the drop tower during

dynamic tests in order to record the mass’s acatber history with respect to time and to



calculate the load applied to the columns and feauseng energy. An important note about
accelerometers is that they measure acceleratiGrsifg-force or acceleration due to free fall).
This is important because the measurement being msadstantaneous acceleration which does
not rely on gravity alone, but results from otharces on the object such as stresses and strains
in different directions (impact stress and straiour case). As the sensor is unable to record
constant accelerations for times greater thamnits tonstant, data can only be recorded from the
time of contact to the time of rebound. The dati#ected will then have the noise and frequency
filtered using a MATLAB program employing an SABp#ysignal processing filter. The setup

for the shock accelerometer can be observed inr&iga.

Figure 13: 10,000-g piezoelectric shock accelerometer on impact head

Lastly, for the purpose of collecting strain datespecific members of the trusses and the
single columns being tested in order to calculatss and make conclusions regarding the
buckling behavior of the members, strain gauge®waiployed. The strain gauges used were
procured from Vishay Electric and have a resistarid®20 Ohms with leads attached to simplify

the implementation. These gauges were attachixd teteel members using epoxy, allowed to



dry overnight, and then soldered to wires whichen@nnected to a National Instruments Signal
Conditioner. A setup of a strain gauge attachealttass and the wiring configuration
connecting the strain gauge to the signaling cambt can be seen in Figure 14 and Figure 15,

respectively.

Figure 15: Wiring of strain gauge to signaling conditioner.

These devices were interfaced with the accelerarmeising the software National

Instruments LabView. The interface was governetheyuse of a LabView Virtual Instrument,



and screenshots of the logical block diagram gamgrthis Virtual Instrument can be observed
in Figure 16. This particular example consistéiva inputs: four for the strain gauges and one
for the accelerometer. The four strain gauge wére multiplied by 1,000,000 to convert
measurements in micro-strain. Both strain andlacaon data is outputted to a waveform
graph and are recorded to an Excel spreadsheébffiEasy access after the test. For dynamic

tests, this data is filtered using MatLab.
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Figure 16: LabView block diagram for acceleration.




Results
Tensile Bar Testing

Quasi-static tensile tests were carried out in ataoace with ASTM Specification E8
(ASTM International, 2008) in order to investig#te properties of the A500 steel used in the
HSS members. The five inch long grips were eaahqd into the tensile portion of the Tinius
Olsen Testing Machine with the reduced area visib&th an extensometer placed on the
reduced section the samples were loaded untillibggn to yield. The extensometer was then
removed and specimen was loaded until it failednitfdum properties for this material as stated

by ASTM for ASTM A500 Grade B steel are shown irblEal.

Tablel: Material propertiesfor ASTM A500 Grade B steel.

Material Propertiesfor ASTM A500 Grade B Stedl

Ultimate Tensile Streng 58,000 ps
Yield Strengtl 46,000 ps
Minimum Elongatiol 23%

Tensile Bar #1 Test
The dimensions of the first sample’s reduced arei@\wneasured by caliper to be 0.506

inches by 0.119 inches resulting in an area of@2G&juare inches that was subjected to tensile
forces in the test. The sample was subjecteddadiof 400 pounds per minute until failure.

The material properties determined from the expeninare summarized in Table 2.



Table 2: Material propertiesobtained in Tensile Test #1.

Summary of Properties: Tensile Test #1
Peak Loa 3,961 pounc
Ultimate Tensile Streng 65,797 ps
Yield Strengtl 57,490 ps
Elongatior 32.1%

The stress-strain curve for the portion of the tesaisured with the extensometer
(measuring yielding in the elastic region alonejiigen in

Figure 17.

Stress-Strain Curve for Tensile Test #1 (Elastic Region Only)
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Figure 17: Stress-strain curvefor Tensile Test #1.

The load-position curve for this test is given in

Figure 18.



Tensile Test #1: Load vs Position
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Figure 18: Load versusposition graph for Tensile Test #1.

The fracture pattern of tensile bar #1 as well e®se-up of the break can be seen in

Figure 19 and Figure 20, respectively.

Figure 19: Tensile bar #1 after testing.



Figure 20: Close-up of tensile bar #1 after testing.

Tensile Bar #2 Test
The dimensions of the first sample’s reduced arei@\wneasured by caliper to be 0.503

inches by 0.115 inches resulting in an area of BG&uare inches that was subjected to tensile
forces in the test. The sample was subjecteddadiof 400 pounds per minute until failure.

The material properties determined from the expeninare summarized in Table 3.

Table3: Material propertiesobtained in Tensile Test #2.

Summary of Properties: Tensile Test #2
Peak Loa 3,905 pounc
Ultimate Tensile Streng 67,561 ps
Yield Strengtl 58,010 ps
Elongatior 29.4Y%

The stress-strain curve for the portion of the nesasured with the extensometer

(measuring yielding in the elastic region alongjiisen in Figure 21.



Stress-Strain Curve for Tensile Test # 2 (Elastic Region Only)
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Figure21: Stress-strain curvefor Tensile Test #2.

The load-position curve for this test is given igufe 22.

Tensile Test #2: Load vs Position Curve

4500

4000
3500 —

3000 I'
2500 /
/

2000
1500

/

1000 /
/

L.

Load (lbf)

\
\

500

-
\
\
\
\
\

T T T T T T

0.1 02 03 04 05 06 07

Position (Inch)

8

Figure 22: Load versusposition graph for Tensile Test #2.



The fracture pattern of tensile bar #2 as well e®se-up of the break can be seen in

Figure 23 and Figure 24, respectively.

Figure 23: Tensile bar #2 after testing.

Figure 24: Close-up of tensile bar #2 after testing.

Tensile Bar #3 Test

The dimensions of the first sample’s reduced are®wneasured by caliper to be 0.503

inches by 0.115 inches resulting in an area of BG&juare inches that was subjected to tensile



forces in the test. The sample was subjecteddachof 400 pounds per minute until failure.

The material properties determined from the expeninare summarized in Table 4.

Table4: Material propertiesobtained in Tensile Test #3.

Summary of Properties: Tensile Test #3
Peak Loa 3,873 pounc
Ultimate Tensile Streng 60,610 ps
Yield Strengtl 53,600 ps
Elongatior 29.9%

The stress-strain curve for the portion of the tesaisured with the extensometer

(measuring yielding in the elastic region aloneajiigen in Figure 25.

Stress-Strain Curve for Tensile Test #3 (Elastic Region Only)
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Figure 25: Stress-strain curvefor Tensile Test #3.

The load-position curve for this test is given igufe 26.
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The fracture pattern of tensile bar #3 as well e®se-up of the break can be seen in

Figure 26: Load versusposition graph for Tensile Test #3.

Figure 27 and Figure 28, respectively.

Figure27: Tensile bar #3 after testing.




Figure 28: Close-up of tensile bar #3 after testing.

Summary of Tensile Bar Results

A summary of the testing results for all three tiengsts is presented below in Table 5.

Table5: Summary of Tensile Test results.

Property Minimum by ASTM Spec Average Result
Tensile Strength (ps 58,00( 64,65¢
Yielding Strength (ps 46,00( 56,36’
Elongation (% 23 30.t

As shown in Table 5, the material is considerabigrgger than the minimum allowable
stresses specified by ASTM E8 Material Testing 8jpation. The average yield strength in

particular was over 56,000 psi as opposed to timémim yield stress of 46,000 psi (i.e., more

than 20 percent higher) shows that the tubes ade mbadequate material.




Quasi-Static Testing

Quasi-static testing was performed in order t@imbtelevant information regarding yield
stress and buckling points in trusses as well gsdpare for the initial condition of dynamic
testing, which governs the design of submarinel guasi-static tests were performed in the
Tinius Olsen Testing Machine. Any changes to yjpéctl test setup are documented in the

respective sections below.

Column Static Test

Quasi-static testing began with an axial compogstast on a single 24-inch long column
in order to determine the buckling load of a coluamal to ensure all necessary data could be
obtained using the test setup before beginninget$ts on the frames. The AISC equations
governing buckling stress are Equations E3-2 an@ E3hapter E, Steel Construction Maunal,
2005). The slenderness ratio of a 24 inch long B8 x 1/8 is 31.5, which puts it in the
criteria of AISC Equation E3-2. A summary of thetbzal calculations is shown below in Table

6, using the average yielding stress from the kemhsir tests (56,367 psi from Table 5).

Table 6: Theoretical calculations of tested steel members.

Property Calculated Value (AISC)
Critical Buckling Stress () 51,929.48 p!
Nominal Strength () 43,620.76 b
Factored Allowable Loaco.F,) 39,258.68 Ib

The member was placed vertically with the top eeé to rotate and the bottom end held
place by a ¥2” thick sheet of plywood with a 2” x&tjuare cut in the center to keep the column

from sliding along the main table or kicking outritg testing, these end conditions correspond



to a theoretical K value of 0.7, but based on tBedEsign criteria a more conservative K value
of 1.0 was used. The sample was then loaded el compression rate of 4,000 Ibs per

minute until the column buckled. Results of thisti@e given in Table 7.

Table 7: Column static test data.

M echanical Property Test Result
Peak Load (Ibf) 51,233
Compressive Strength (psi) 57,097
Initial Length of Column (in) 24
Final Length of Column (in) 23.75

The standard yielding stress for the material usede columns (ASTM A500 Grade B)
is 46,000 psi, and using a conservative effectwgth factor (K) of 1.0 and the AISC equations
for column buckling (Equation E3-2), this yieldistzess would provide a buckling load of
36,138 Ibs for a 24 inch column. Using the yiel@ss found in the tensile test§£b6,367 psi)
the buckling load would be calculated as 43,62bg6or a 24 inch column. So using the
theoretical yielding stress of 46,000 psi, thisuomh turned out to take 15,095 more Ibs (30%
more weight). Using the experimental yielding stre656,367 psi, the column took 7,612 Ibs

more (15% more weight). The load versus positi@yidim for the test is presented in Figure 29.



Column Static Test

60000

50000 / —
40000

g /
%’ 30000
[4+]
9 /
20000 /
10000
O T T T T T T T 1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Position (in)

Figure 29: Load versus position graph for column static test.

Figure 30 is a picture of the single column after test showing the deformation in the

column.

Figure 30: Result from column static test.



The deformation in the column was very pronoureledg with reasonably well-defined
inflection points a couple of inches from each emklich showed some promise with the end
condition theory for buckling. The loading wasmatsassuring because the compressive strength
was only slightly below the ultimate failure stréimdor the material, thus the failure was due to
mechanical failure in buckling rather than matefadure. Lastly, this test produced useful
information for the quasi-static testing of thenfigs since it provided an available peak load that
each column can withstand and displayed succdse itest setup to obtain the necessary data in
the static testing of the frames. The actual bogkbad taken by the column in this test was at

least 15% greater than one would expect througbrétieal calculations of buckling loads.



Column Static Test (Longer)

A second column of 36” in length was subjectedx@l compression in order to
compare the behavior of it to the 24” column. 8C equations governing buckling stress are
labeled by Equations E3-2 and E3-3 in the backgtourhe slenderness ratio of a 36 inch long
HSS 2 x 2 x 1/8 is 47.31, which puts it in theemia of AISC Equation E3-2. A summary of
theoretical calculations is shown below in Tabled€ing the average yielding stress from the

tensile bar tests (E56,367 psi from Table 5).

Table 8: Theoretical calculations of tested steel members (Ilong).

Property Calculated Value (AISC)
Critical Buckling Stress () 39.57( psi
Nominal Strength () 33,239.:lbs
Factored Allowable Loaco.F,) 35,434.:bs

The member was placed vertically with the top eeé to rotate and the bottom end held
in place by a %2” thick sheet of plywood with a 22%square cut in the center to keep the
column from sliding along the main table or kickimgt during testing. The sample was then
loaded axially at a compression rate of 2,000 Hysnpinute until the column buckled. Results of

this test are given in Table 9.

Table 9: Column (Long) static test data.

M echanical Property Test Result

Peak Load (Ibf) 52,282

Compressive Strength (psi) 58,266




Initial Length of Column (in) 36

Final Length of Column (in) 35.5

The standard minimum yield strength for the matersed in the columns (ASTM A500
Grade B Steel) is 46,000 psi along with an ultinstength of 58,000 psi. The load versus

position diagram for the test is presented in FEgat.

Column (Long) Static Test
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Figure 31: Load versusposition graph for column (long) static test.

Figure 32 is a picture of the longer member aftertest showing the deformation in the

column.



Figure 32: Result from column (long) static test.

The deformation experienced in the longer colunas @also very noticeable along with
reasonably well-defined inflection points a couplénches from each end, which showed some
promise with the end condition theory for bucklinthe test reinforced the conclusions made
during the first column test although a strangesolagion was made in that the load the column
took before buckling is actually higher than thiathee 24” column. By increasing the length of
the column, one can normally assume that the agrapressive load that the member can take
before buckling should decrease. Although no estenresearch was performed on the
reasoning, one factor that did change betweentesth was the load rate (4,000 Ib/min for the
24" column, 2,000 Ib/min for the 36” column). Thiecrease in loading rate may have helped

the column surpass the expected buckling strength.



Truss #1 Static Test (Symmetric)
The first frame was tested with the sample restimgoller supports on either end of the

bottom chord centered underneath the outer vertieamhbers. The truss was oriented such that
the two diagonal members ran from the bottom caert@the top center of the frame. A steel I-

beam was placed on the top chord in order to Higieithe applied force. A 2"x2” piece of solid

steel stock was then placed on top of the I-beaander to aid in the distribution of the load.

This set up and loading is summarized in Figurald8g with number labels for each member.
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Figure 33: Truss setup for Static Test #1.

The sample was loaded on the center of the 2" "tock at a compression rate of
4,000 Ibs per minute until the frame plasticallyatmed. The load versus position diagram for

the test is presented in Figure 34.
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Figure 34: Load versus position graph for static test of Truss#1.

Figure 35 is a picture of part of the truss frahm tvas held up by a support roller after

the test showing the local deformation that ocalirre

Figure 35: Result from Truss#1 static test.



The first truss tested ended up failing at a moarer load than anticipated (i.e., the peak
load was 42,611 pounds). The group was expeatisge deformation in the overall truss but
instead, local buckling occurred first. The foegmlied to the truss was so large that the reactive
point load forces experienced from the two rollgomorts locally deformed the specimen’s
bottom chord on both ends. The result was botlxpeeed and disconcerting, as a new setup
had to be experimented with for future static tiesss. Aside from the local collapse at the
loading points, the members of the truss remaimdxut after the test and the sample was

reused for a second trial, although it is labeledTauss #2” in this paper.



Truss #2 Static Test (Symmetric)

The second frame was tested with the sample regtingller supports on either end of
the bottom chord directly underneath the outerie@rtnembers. The truss was oriented such
that the two diagonal members ran from the topesrio the bottom center of the frame. The
local deformation issue was addressed by inseatisqgjid piece of steel stock (1.75"x1.75"x4”,
henceforth known as a “plug”) into either end af tiottom chord directly over the roller
supports. By doing so, local deformation due torémctive forces of the supports would be
eliminated. A steel I-beam was placed on the tagatin order to distribute the applied force.
A 2"x2” piece of solid steel stock was then placedtop of the I-beam in order to aid in the
distribution of weight. This set up and loadingisnmarized in Figure 36 along with number

labels for each member.

1
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Figure 36: Truss setup for Static Test #2.



The sample was loaded on the center of the 2" "tock at a compression rate of
4,000 Ibs per minute until the frame plasticallyotmed. The load versus position diagram for

the test is presented in Figure 37.

Truss #2 Static Test
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Figure 37: Load versusposition graph for static test of Truss#2.

Figure 38 is a picture of the top center of thedrframe showing the local deformation

that occurred.



Figure 38: Result from Truss#2 static test.

The truss was able to withstand much more stadid leith the plugs inserted inside the
bottom chord. However, whether it was from thgéaamount of pressure being exerted or the
fact that the top chord was previously deformednftbe first test, the distributed load along the
sample began to locally deform the horizontal toprd in the center of the truss after a peak
loading of 76,382 pounds. Member buckling did eatur during this experiment which meant
that the current setup of the test needed to hestat) to take into account local deformation in

the top chord.



Truss #3 Static Test (Symmetric)
The third frame was tested with the sample resimgoller supports on either end of the

bottom chord directly underneath the outer vertisambers. The truss was oriented such that
the two diagonal members ran from the bottom cart@the top center of the frame. The local
deformation issue was addressed by inserting thiige plugs into either end of the top chord
and one directly in the center of the member alwitly two in the bottom chord directly over the
supports. By doing so, local deformation due ®réactive forces of the supports as well as
deformation from the force applied by the applieald would be severely limited. A steel I-
beam was placed on the top chord in order to Hidteithe applied force. A 2"x2” piece of solid
steel stock was then placed on top of the I-beaander to aid in the distribution of weight. This

set up and loading is summarized in Figure 39 alitiy number labels for each member:

4
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Figure 39: Truss setup for Static Test #3.



The sample was loaded on the center of the 2" "tock at a compression rate of
4,000 Ibs per minute until the frame plasticallyatmed. Results of this test based on standard

static truss analysis and further study of indieidmnember forces are given in Table 10.

Table 10: Truss#3 static test data.

Member Resulting Force (Pounds) Type of Axial Force
Peak Load (for fram 151,61 _

1 0 N/A

2 47,380.3 Tensior

3 47,380.3. Tensior

4 0 N/A

5 28,428.1 Compressio

6 37,904.2! Compressio

7 37,904.2: Compressio

The load versus position diagram for the testése@nted in Figure 40.



Truss #3 Static Test
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Figure40: Load versusposition graph for static test of Truss#3.

The third static truss test was the first of tluss tests to be labeled as a success. One of
the outer vertical members buckled under the faiitle a final deformed length of about 16”.
Both diagonal members were also slightly deforntieoligh not enough to make proper
calculations on the pieces. All five plugs preeehlocal deformation; although slight dents
were made into the steel, the plug prevented thesesection from collapsing. A final image of
the third static truss was not available, as it e@ssidered scrap following testing and it was

torn apart to retrieve the metal plugs in the tog bottom chords



Truss #4 Static Test (Symmetric)

The fourth frame was tested with the sample resimgpller supports on either end of
the bottom chord directly underneath the outerie@rtnembers. The truss was oriented such
that the two diagonal members ran from the topesrio the bottom center of the frame. The
local deformation issue was addressed by insepiungs into the top and bottom chords, as
described earlier. The steel I-beam distributhmglbad on the top chord was replaced with a
4’x4” piece of 1018-grade steel stock because pipied weight from previous tests began to
deform the I-beam. A 2"x2” piece of solid steelcit was then placed on top of the 4"x4” steel
stock in order to aid in the distribution of weiglihis set up and loading is summarized in

Figure 41 along with number labels for each member.
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Figure4l: Trusssetup for Static Test #4.

The sample was loaded on the center of the 2"t stock at a compression rate of
4,000 Ibs per minute until the frame plasticallyatmed. Results of this test based on standard

static truss analysis and further study of indigildmember forces are given in Table 11.



Table11: Truss#4 static test data.

Member Resulting Force (Pounds) Type of Axial Force
Peak Load (for fram 106,549 _

1 53,274 Compressio

2 33,296.5 Tensior

3 33,296.5 Tensior

4 19,977.9. Compressio

5 0 N/A

6 53,274 Compressio

7 53.274.! Compressio

The load versus position diagram for the testés@nted in Figure 42.
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Figure 42: Load versusposition graph for static test of Truss#4.



Figure 43 is a picture of the truss frame aftertést showing the out-of-plane

deformation that occurred.

Figure 43: Result from Truss#4 static test.

The first run of the fourth static test ended maifailure of the I-beam, which acted as
the distribution beam. The fact that the trussmdildeform during this initial test allowed for
the group to reconfigure the test setup while usiimgsame truss. The I-beam was replaced with
the 4"x4” 1018-grade steel bar of comparable lerigshexplained earlier) and the same truss
was tested a second time with successful resBligkling occurred slightly in the center column

while one of the outer vertical members experiertbednost plastic deformation.



Truss #5 Static Test (Symmetric)

The fifth frame was tested with the sample restingoller supports on either end of the
bottom chord directly underneath the outer vertisambers. Two strain gauges were placed on
opposite sides of the central vertical member tasuee strain values and determine deformation
locations. The truss was oriented such that tleedi@gonal members ran from the top corners to
the bottom center of the frame. The local deforomaitssue was addressed by inserting one plug
into the top chord in the center and two plugshimbottom chord above each roller support. A
1” diameter roller was placed on the top chord apipnately 2” from the center of the member
such that it was lying down and running perpendicto the top of the frame in order to simulate
a moment. The sample was loaded on the rollecatrgression rate of 4,000 |Ibs per minute
until the force reached 30,000 Ibf and strain valwere obtained. Deformation did not occur.

The roller was then moved to the center of thestimsere the loading was applied once
again. This set up and loading is summarized guré 44 along with number labels for each

member:

=] Center Point
Load

Figure44: Truss setup for Static Test #5.



Figure 45 shows the placements of the strain gafayehe test.
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Figure45: Strain gauge placement on Static Truss#6.

The sample was loaded on the roller at a compnesate of 4,000 Ibs per minute until
the frame plastically deformed. Results of thi teased on standard static truss analysis and

further study of individual member forces are giveable 12.

Table 12: Truss#5 static test data.

Member Resulting Force (Pounds) Type of Axial Force
Peak Load (for fram 53,278 _
1 53,27¢ Compressio
2 33,298.7 Tensior
3 33,298.7! Tensior
4 19,979.2 Compressio

5 0 N/A




6 26,63¢ Compressio

7 26,63¢ Compressio

It is important to note that the center column i(&hes in length) is expected to buckle at
43,620.76 lbs calculated previously in the Statdu@in section based on the AISC buckling
equations and the average yielding stress of 5§36fbund in the tensile tests. The load that
the column withstood in this test as part of this$rsystem was 53,278 Ibs before buckling. This
is 18% higher than expected.

The load versus position diagram for the testés@nted in Figure 46.
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Figure 46: Load versusposition graph for static test of Truss#5.

Figure 47 is a picture of the truss frame aftertést showing the deformation that

occurred.



A graph of the strain gauge readings can be seEigure 48.

Figure47: Result from Truss#5 static test.
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Figure48: Micro-strain versustimegraph for static test of Truss#5.




This strain gauge data is correlated with thessee of the member by use of Hooke’s
Law to calculate the peak stress in each memberifa€able 13 below as referenced in Figure

45,

Table 13: Peak stresson membersbased on strain gauge measur ements.

Strain Gauge Position Stress (psi)
1 36,97¢
2 28,27¢

Every test up until this point had involved distried loads so the group wanted to
experiment with how the truss would act under aploiad. Not only would the setup provide
information on static moments on the center colulme to the 2” offset described earlier, but it
also would set a benchmark to aim for when the chyogoint load tests began. Overall, the test
led to successful results with local deformationuwdng in both the top chord and buckling in
the center column. The strain gauges appear te Wwavked very well and provided reasonable
values given that some of the force is being suppdsy the two outer members (though very

little) and through deflection of the top chord.



Truss #6 Static Test (Symmetric)
The sixth frame was tested with the sample restmgpller supports on either end of the

bottom chord directly underneath the outer vertisambers. Four strain gauges were placed on
the truss: two on opposite sides of the centralcamember and two on the top of either side

of the top chord, all to measure strain valuesdetdrmine deformation locations. The truss was
oriented such that the two diagonal members ran the top corners to the bottom center of the
frame. The local deformation issue was addresgedserting one plug into the top chord in the
center and two plugs in the bottom chord above ealtdr support. A 1” diameter roller was
placed in the center of the top chord such thabi lying down and running perpendicular to the
top of the frame. This set up and loading is sunmedrin Figure 49 along with number labels

for each member:

P Center Point
Load

Figure49: Truss setup for Static Test #6.

Figure 50 shows the placements of the strain galogele test.
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Figure50: Strain gauge placement on Static Truss#6.

The sample was loaded on the roller at a compnesate of 4,000 lbs per minute until
the center vertical member of the frame plasticdiformed. Results of this test based on

standard static truss analysis and further studgydiwidual member forces are given in Table

14.
Table 14: Truss#6 static test data.
Member Resulting Force (Pounds) Type of Axial Force
Peak Load (for fram 57,126 _

1 57,12¢ Compressio

2 35,703.7 Tensior

3 35,703.7! Tensior

4 21,422.2 Compressio

5 0 N/A




6 28,56: Compressio

7 28,56: Compressio

The load versus position diagram for the testés@nted in Figure 51.
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Figure51: Load versusposition graph for static test of Truss#6.

Figure 52 is a picture of the truss frame aftertést showing the deformation that

occurred.



Figure52: Result from Truss#6 static test.

Similar to the previous sample, the test was w@ltety very successful with deformation

occurring in both the top chord and the centralicwi. A graph of the strain gauge readings can

be seen in Figure 53.
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Figure53: Micro-strain versustimegraph for static test of Truss#6.



This strain gauge data is correlated with thessee of the member by use of Hooke’s
Law to calculate the peak stress in each memberifa€able 15 below as referenced in Figure

50.

Table 15: Peak stress on members based on strain gauge measur ements

Strain Gauge Position Stress (psi)
1 52,20(
2 118,90(
3 20,30(
4 21,02¢

The peak load for the center column of the oVvémass was calculated to be 57,126 Ibs
shown in Table 14, which correlates to a peak stoé35,166 psi. For that column, strain
gauges 1 and 2 were placed and upon failure, me@strains correlating to 50,750 and 116,000
psi, respectively. While the data from strain gadgvas considerably skewed due to failure of
the strain gauge itself during testing, the jumpgtiain for the internal face of the member
(internal meaning not on the plane of the trusscéReadisplays important properties of the
buckling behavior. What this shows is that whiledry would tell us that the load delivers
75,166 psi to the center column itself, the collmompressed on the face of strain gauge 2
during buckling and compensated for the decreasesdsson the surface of strain gauge 1.
Strain gauge 1 displayed less stress than expanttdent directly into tension, showing two
things: one that the columns buckled out towardsdtirface, and two that the face of the
column that buckles out does not receive as mutheobuckling load as the compression face.

The top chord displays expected results, as thetiomd itself did not fail each half of the

chord measured stresses of approximately 14,500T8s shows that while the truss failed in



the center column, the top chord still took on mitvan calculated, as the total stress in the chord
turns out to be around 29,000 psi, this is extrgroklse to the value that you would expect in
the top chord of 28,187 psi (based on the loadlgf22.25 Ibs and the area of 0.76 square
inches).

This correlates with the failure mode of the trelsswn in Figure 52, because the center
column is the column that buckled the most, artigkled in two directions. This makes sense
as it compressed the face with strain gauge 2 ahthp side with strain gauge 1 into tension as

it buckled.



Truss #7 Static Test (Asymmetric)

The seventh frame was tested with the sample gestirroller supports on either end of
the bottom chord directly underneath the outerie@rtnembers. Two strain gauges were placed
on the truss on opposite sides of the centraloadrthember to measure strain values and
determine deformation locations. The truss wasnded such that the two diagonal members ran
from the top corners to the bottom center of thene. The local deformation issue was
addressed by inserting one plug into the top chotbe center and two plugs in the bottom
chord above each roller support. A 1” diametelerohas placed above the middle vertical
member along the top chord such that it was lyisgrdand running perpendicular to the top of
the frame. This set up and loading is summarizéedare 54 along with number labels for each

member:

Center Point
Load

P

Figure54: Trusssetup for Static Test #7.



Figure 55 shows the placements of the strain galogéle test.
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Figure55: Strain gauge placement on Static Truss #7.

The sample was loaded on the roller at a compnesate of 4,000 Ibs per minute until
the middle vertical member of the frame plasticdéfjormed. Results of this test based on
standard static truss analysis and further studgydiwidual member forces are given in Table

16.

Table 16: Truss#7 static test data.

Member Resulting Force (Pounds) Type of Axial Force
Peak Load (for fram 60,22: _
1 60,22: Compressio
2 26,723.3. Tensior
3 22,769.8 Tensior

4 22,583.2 Compressio




5 0 N/A

6 30,11: Compressio

7 30,11: Compressio

The load versus position diagram for the testés@nted in Figure 56.
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Figure56: Load versusposition graph for statictest of Truss#7.

Figure 57 is a picture of the truss frame aftertést showing the deformation that

occurred.



Figure57: Result from Truss #7 static test.

Similar to the previous sample, the test was w@ltaty very successful with deformation
occurring in both the top chord and the centralicwi. A graph of the strain gauge readings can

be seen in Figure 58.
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Figure58: Micro-strain versustimegraph for statictest of Truss#7.



This strain gauge data is correlated with thessee of the member by use of Hooke’s

Law to calculate the peak stress in each memberifa€able 17 below.

Table 17: Peak stress on members based on strain gauge measur ements

Strain Gauge Position Stress (psi)
1 121,80(
2 118,90(

The asymmetric truss behaved as expected. Likpréhaous test, the second strain
gauge, which was measuring the side of the mideitecal column, failed near the end of the
test due to bending past its capacity. Both siainges read compression throughout the
duration of the test, implying that the column beiatgonally outward away from the gauges.
Strain gauge 1 read considerably more strain théine previous test which leads to the
assumption that the column was able to bend edseto a smaller weld area from the
diagonals where the middle column meets the twgatial members and the bottom chord.
Since the frame was loading directly over the medmilumn (even though it was asymmetric),
the outer vertical members were hardly affecteallatThe two diagonal bent slightly during the

testing process but appeared to return to thegirai shape once the load was taken off.



Dynamic Testing

Dynamic testing was performed in order to deterniioe steel members and trusses
would react to impact loads and how they wouldeadiffom the information obtained from the
guasi-static tests. All tests were performed mne-foot drop tower of varying masses. Any
changes to the typical test setup were documentttkirespective sections below.

The conditions in which the following tests wereig@ed were based on the quasi static
calculations and test results from the precedistgid-or columns, the quasi-static result was a
failure load of 51,233 Ibs with a deflection of appmately 0.2 inches. Using the conservation
of energy laws and a drop height of 5 feet afterablumn and size of the weights were taken
into account, a weight of 170.8 pounds was estichetdoe required in weight to reach the static
failure load. The truss calculations were madegiile same process except with a deflection of
0.5 inches and an average failure load of 57,18®#sed on quasi-static testing, which yielded

required weight of 476.6 pounds.

Column #1 Dynamic Test

Dynamic testing began with an axial impact tesa@ingle 24 inch long column in order
to determine the dynamic buckling load of a colwe to impact forces and to ensure all
necessary data could be obtained using the tegi before beginning the tests on the frames.
The member was placed vertically with the top eeé to rotate and the bottom end held in
place by a ¥2” thick steel plate with a 2” x 2” sggiaut in the center to keep the column from
sliding along the main table or kicking out durtegting. These end conditions are consistent
with a K value of 0.7 but our calculations for regd load are based on a more conservative
estimate of 1.0, in order to compare the differendée sample was then impacted by masses

dropped from the tower. Accelerometers were placethe drop tower head to measure the



deceleration at impact. Data was unfiltered angamiding was used. Results of this test are
given in Table 18. Calculated values for kinetiergy and force on impact are based on
Conservation of Energy, mass being dropped, draghtyeand gravity. The force on impact
provided is based on the measured accelerationpatat from the 10,000-G accelerometer.
Calculations of strain energy are based on theigeoMforce on impact from the accelerometer

and a very low deflection on impact (~0.05 inches).

Table 18: Column dynamictest #1 data.

M echanical Property Test Result
Drop Height (in) 60 +/- 4
Weight Dropped (Ibs) 150
Max Impact Acceleration for 10,000G (G’s ~675
Max Impact Acceleration for 50,000G (G’s ~925
Calculated Kinetic Energy (ft-1bf) 750
Calculated Force on Impact (Ibf) 45,000
Force at Impact — 10,000G (lbf) 101,202.96
Strain Energy (based on Impact Force-lbf) 292.¢

The graph displaying measurements taken from tt@0BG& and 10,000G accelerometers

for the test is presented in Figure 59.
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Figure59: Acceleration versustimegraph for column dynamic test #1.

Figure 60 is a picture of column 1 after dynamstiteg. The image shows the column

with a slight bend due to the impact load and shawsflection of about ¥2".

Figure 60: Result from Column #1 dynamic test.



For this test a mass of 150 |Ibs was dropped iardance with the assumption that the
mass required to buckle the column is only slighigher at 170 Ibs. However, when the column
was dropped on it displayed little to no deflectadrall, as the measured deflection was less than
1/10 inch. While the instantaneous load on impaxd extremely large at 101,202.96 Ibs, the
small deflection of the column caused the straergy of the impact to be a mere 292.6 ft-Ibs,
considerably less than the calculated kinetic gnezguired of 750 ft-lbs. So while the load is
very high on impact, the material properties mizienileflection and the energy provided is
insufficient for buckling at this drop weight. Ihda next test the mass dropped will be brought up
above the calculated mass required (170 Ibs) tdds8h order to observe any changes in the

relationship between energy and dynamic buckling.



Column #2 Dynamic Test
Dynamic Test #2 involved an axial impact test @ingle 24 inch long column in order

to determine the dynamic buckling load of a coluwe to impact forces and to ensure all
necessary data could be obtained using the tegi before beginning the tests on the frames.
The member was placed vertically with the top eeé to rotate and the bottom end held in
place by a ¥2” thick steel plate with a 2” x 2” sggiaut in the center to keep the column from
sliding along the main table or kicking out durtegting. The sample was then impacted by
masses dropped from the tower. The amount of weiggd in the tower was increased from the
first two dynamic column tests. Accelerometerseygiaced on the drop tower head to measure

the deceleration at impact. Results of this tesgasen in Table 19.

Table 19: Column dynamic test #2 data

M echanical Property Test Result
Drop Height (in) 60 +/- 4
Weight Dropped (Ibs) 180
Max Impact Acceleration (G’s) ~930
Calculated Kinetic Energy (ft-1bf) 900
Calculated Force on Impact (Ibf) 54,000
Force at Impact — 10G (Ibf) 167,322.23
Strain Energy (from Impact Force)-Ibf) 697.2

The graph measuring the 10,000G accelerometehéatesst is presented in Figure 61.
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Figure 61: Acceleration versustimegraph for column dynamic test #2.

Figure 62 is a picture of the single column after test showing the deformation in the
column. The image shows the column with a sligittcbdue to the impact load and shows a

deflection of about ¥4".



Figure 62: Result from Column #2 dynamic test.

In order to begin to gauge the difference in dyicaand static loadings, the weight
dropped was slightly increased to 180 Ibs, butigight of the drop remained the same at 60
inches. This increase changed the strain enertheadrop considerably from 292.6 ft-Ibs to
697.2 ft-Ibs. However, the kinetic energy for themis now 900 ft-lbs because of the increase in
mass, so the mass is still insufficient for buaglivut is closer than before. Further tests will be

carried out with this mass in order to observe\arance in the energy and buckling.



Column #3 Dynamic Test

Dynamic Test #3 involved an axial impact test aingle 24 inch long column in order
to determine the dynamic buckling load of a coluwe to impact forces and to ensure all
necessary data could be obtained using the tegi before beginning the tests on the frames.
The member was placed vertically with the top eeé to rotate and the bottom end held in
place by a ¥2” thick steel plate with a 2” x 2” sggiaut in the center to keep the column from
sliding along the main table or kicking out durtegting. The sample was then impacted by
masses dropped from the tower. Accelerometers plaoed on the drop tower head to measure

the deceleration at impact. Results of this tesgasen in Table 20.

Table 20: Column dynamic test #3 data

M echanical Property Test Result
Drop Height (in) 60 +/-4
Weight Dropped (Ibs) 180
Max Impact Acceleration (G’s) =750
Calculated Kinetic Energy (ft-1bf) 900
Calculated Force on Impact (Ibf) 45,000
Force at Impact — 10G (Ibf) 134,937.28
Strain Energy (based on Impact Force-Ibf) 562.23

The graph measuring the 10,000G accelerometehéatetst is presented in Figure 63.
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Figure 63: Acceleration versustimegraph for column dynamic test #3.

Figure 64 is a picture of the single column after test showing the deformation in the
column. The image shows the column with a sligittcbdue to the impact load and shows a

bow deflection of about 42",



Figure 64: Result from Column #3 dynamic test.

For this test, identical testing parameters asroal#2 were used, displayed a different
acceleration. The impact acceleration of thiswest 750 G’s as opposed to the 930 G’s of the
previous test. This acceleration yielded an insta@bus load of 134,937 Ibs which resulted in
strain energy in the column of 562.23 ft-Ibs, stilhch smaller than the required energy for
buckling of 900 ft-Ibs. However, similar to the sad column, this test displayed very little
deformation to the sample, although a small bersinadiced in the member, shown in Figure
64 above.

One more test with the same mass was performeerify the results of dynamic tests #2

and #3 before moving on to a higher mass.



Column #4 Dynamic Test

Dynamic Test #4 involved an axial impact test @ingle 24 inch long column in order
to determine the dynamic buckling load of a coluwe to impact forces and to ensure all
necessary data could be obtained using the tegi before beginning the tests on the frames.
The member was placed vertically with the top eeé to rotate and the bottom end held in
place by a ¥2” thick steel plate with a 2” x 2” sggiaut in the center to keep the column from
sliding along the main table or kicking out durtegting. The sample was then impacted by
masses dropped from the tower. Accelerometers plaoed on the drop tower head to measure

the deceleration at impact. Results of this tesgasen in Table 21.

Table 21: Column dynamic test #4 data

M echanical Property Test Result
Drop Height (in) 60 +/-4
Weight Dropped (Ibs) 180
Max Impact Acceleration (G’s) ~430
Calculated Kinetic Energy (ft-1bf) 900
Calculated Force on Impact (Ibf) 45,000
Force at Impact — 10G (Ibf) 77,364.04
Strain Energy (-1bf) 322.4

The graph measuring the 10,000G accelerometehéatetst is presented in Figure 65.
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Figure 65: Acceleration versustimegraph for column dynamic test #4.

Figure 66 is a picture of the single column after test showing the deformation in the
column. The image shows the column with a sligittcbdue to the impact load and shows a

deflection of about ¥2".



Figure 66: Result from Column #4 dynamic test.

Dynamic Column Test #4 yielded similar physicaulés to Tests #2 and #3 with an even
lower force on impact and strain energy. Ultimatehuch more mass is needed to obtain useful
results for the dynamic column test. The grouffeéd Test #4 with another test with

substantially more weight added to the drop tower.



Column #5 Dynamic Test

Dynamic Test #5 involved an axial impact test @ingle 24 inch long column in order
to determine the dynamic buckling load of a coluwe to impact forces and to ensure all
necessary data could be obtained using the tegi before beginning the tests on the frames.
The member was placed vertically with the top eeé to rotate and the bottom end held in
place by a ¥2” thick steel plate with a 2” x 2” sggiaut in the center to keep the column from
sliding along the main table or kicking out durtegting. The sample was then impacted by
masses dropped from the tower. The weight wagased from 180 pounds to 281 pounds in
hopes that the large difference would help defdrendolumn on impact. Accelerometers were
placed on the drop tower head to measure the datieleat impact. For the calculation of
strain energy the deflection was increased frorf id&h to 1/5 inch because of increased

deflection noticed in the column after impact. Ressof this test are given in Table 22.

Table 22: Column dynamic test #5 data

M echanical Property Test Result
Drop Height (in) 60 +/-4
Weight Dropped (Ibs) 281
Max Impact Acceleration (G’s) ~250
Calculated Kinetic Energy (ft-1bf) 1,405
Calculated Force on Impact (Ibf) 84,300
Force at Impact — 10G (Ibf) 70,217.36
Strain Energy (-1bf) 583

The graph measuring the 10,000G accelerometehéatesst is presented in Figure 67.
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Figure 67: Acceleration versustimegraph for column dynamic test #5.

Figure 68 is a picture of the single column after test showing the deformation in the
column. The image shows the column with a sligittcbdue to the impact load and shows a

deflection of about ¥4".



Figure 68: Result from Column #5 dynamic test.

For this test the weight of the drop was increase2B1 Ibs in order to observe the
difference in acceleration and forces on impace @bceleration on impact was decreased from
previous drops to 250 G’s decreasing the forcemgract of 70,217 Ibf and corresponding strain
energy of 583 ft-Ibs. This instantaneous load spoads with the calculated kinetic energy and
force of 1,405 ft-lbs and 84,300 Ibs respectivélyis loading displayed considerably more
deformation on the column then preceding testsstilimore weight is required for failure
mode observations.

An important note to make at this point is tha tluckling of the column does not seem
to depend on the instantaneous load of the weigihtt the kinetic energy coinciding with the
guasi-static failure load. A further test bringithg strain energy closer to the kinetic energy
required for buckling (853.88 ft-Ibs) should befsiigént to see significant deformation in a

column.



Column Dynamic Test (Longer)

Dynamic Column Test (Long) involved an axial impeest on a single 36 inch long
column in order to determine the dynamic buckliogd of a column due to impact forces and to
ensure all necessary data could be obtained usintgst setup before beginning the tests on the
frames. The extra length was used to compare sudtseo those of the 24” columns. The
member was placed vertically with the top end fremtate and the bottom end held in place by
a ¥2" thick steel plate with a 2” x 2” square cutie center to keep the column from sliding
along the main table or kicking out during testinighe sample was then impacted by masses
dropped from the tower weighing 747 pounds. Aaoefeters were placed on the drop tower

head to measure the deceleration at impact. Resiulhis test are given in Table 23.

Table 23: Column dynamic test (long) data

M echanical Property Test Result
Drop Height (in) 48 +/- 4
Weight Dropped (Ibs) 747
Max Impact Acceleration (G’s) ~90
Calculated Kinetic Energy (ft-1bf) 2,988
Calculated Force on Impact (Ibf) 179,280
Force at Impact — 10G (Ibf) 67,230
Strain Energy (-1bf) 1,680

The graph measuring the 10,000G accelerometehéatetst is presented in Figure 69.
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Figure69: Acceleration versustimegraph for column dynamic test (long).

Figure 70 is a picture of the single column after test showing the deformation in the
column. The image shows the column with a sligittcbdue to the impact load and shows a

deflection of about 34".

Figure 70: Result from Column (long) dynamic test.



This test had a test maximum weight for the impddt47 Ibs in order to observe the
difference in acceleration and forces on impacttanubtain a certain bend in the column. The
fact that the column was 50% long also helped meating this goal. The acceleration on
impact was decreased from previous drops to ar80r@’s, significantly decreasing the force
on impact to around 67,000 Ibf. This instantandoad corresponds with the calculated kinetic
energy and force of 2,988 ft-Ibf and 179,280 Ii#pectively. The loading displayed even more
deformation on the column then even the best pusvimlumn test, but that is to be expected
with the extra length.

Obtaining all previous column impact informatioechme vital before moving into the
truss tests, as it helped determine how much lcaddiwbe needed in order to create a bend in
the vertical members. Since the last successfulipdamic test took a load of 281 Ibf and still

bent, the next dynamic truss tests would begihiatgoint.



Truss #1 Dynamic Test (Symmetric)

The first frame was tested with the sample restimgoller supports on either end of the
bottom chord directly underneath the outer vertisambers. The truss was oriented such that
the two diagonal members ran from the top correthd bottom center of the frame. The local
deformation issue was addressed by inserting d pace of steel stock (1.75"x1.75"x4”,
henceforth known as a “plug”) into either end af tiottom chord directly over the roller
supports. By doing so, local deformation due ®rémactive forces of the supports would be
eliminated. The truss was held in place by foutigal I-beams to restrict movement forward
and back. The drop tower contained 281 Ibf of Wweand was dropped at a height of 60”. A
cylindrical roller was also welded on the bottontlod falling mass to simulate a point load on
the top of the frame. This set up and loadingimmarized in Figure 71 along with number

labels for each member.

P Center Point
Load

Figure 71: Truss setup for Dynamic Test #1.



Figure 72 is a picture of the top center of thedrframe showing the local deformation

that occurred upon impact.

Figure 72: Result from Truss#1 dynamic test.

The weight applied to the truss at impact was byneans enough to even bend a single
member. The only result from the test came frorerg small amount of local deformation at
the area of impact due to the point load simulaticgated by the roller. While this test was
ultimately not successful, it provided insight intbat could be done to fix the next dynamic
truss test. It was apparent that more weight woeldeeded and if possible, more height. Also,
the truss was not secured down to the ground sopeatct, it bounced about a foot off of the
rollers as a reaction to being hit by the fallingss. Finally, the readings of acceleration were
very noisy and needed to be filtered to obtainipent data. All of these issues would be dealt

with for “Truss #2 Dynamic Test”.



Drop Tower Calibration

After various tests were performed using both gwls and trusses, it became apparent
that it was required to slow the frequency of theding to bring the instantaneous loading of
impact down to size in order to spread the impatggiion. This was first done using a
symmetric truss with three different tests: thetfivith no padding at all, the second with half an
inch of padding, and the third with one inch of giad). The drop head was lifted to less than
twelve inches above the center of the truss angpe in order to get an idea of how successful
this would be.

The accelerometer was the primary tool for measarg of this test. The results of the

test with no pads measured from the acceleromegatisplayed in Figure 73 below.

Acceleration vs Time (No Pads)
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Figure 73: Acceleration vs Time graph for low height drop using no pads.

The next test utilized a half inch of padding émel results are displayed in Figure 74

below.



Acceleration vs. Time (Half-Inch Pad)

100

Acceleration (G's)
NS
o o
”

Time (s)

Figure 74: Acceleration vs Timegraph for low height drop with half inch of padding.

The last part of this testing utilized an inchmebprene padding and the results are

displayed in Figure 75 below:

Acceleration vs Time (One Inch Pad)
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Figure 75: Acceleration vs Timegraph for low height drop with oneinch of padding.



The major result of this test is that using thddiag the time of impact increases from
0.01 seconds with no padding up to almost 0.1 skcasing an inch of padding. This change in
load frequency corresponds to a decrease in aatieleion impact from 120 G’s down to 85-90
G’s. This decrease (based on the mass droppedb$Pfields an impact force of 62,550 Ibf
with an inch of padding as opposed to a force pd@3 Ibf when impacting the truss with no

padding.



Truss #2 Dynamic Test (Symmetric)

The second frame was tested with the sample regtingller supports on either end of
the bottom chord directly underneath the outerie@rtnembers. The truss was oriented such
that the two diagonal members ran from the topesrio the bottom center of the frame. The
local deformation issue was addressed by inseatisqgjid piece of steel stock (1.75"x1.75"x4”,
henceforth known as a “plug”) into either end af thiottom chord directly over the roller
supports. By doing so, local deformation due ®rémactive forces of the supports would be
eliminated. The truss was held in place by foutigal I-beams to restrict movement forward
and back. The drop tower contained 695 poundsassimwvhich was a substantial increase from
the previous test, and was dropped at a heigh®’of & cylindrical roller was also welded on the
bottom of the falling mass to simulate a point leacthe top of the frame.

Rubber matting was placed in all areas consistingetal-to-metal contact including
between the rollers and the frame as well as betweeframe and the I-beams. This would
help reduce the noise that appeared in the actelegdots. The test was performed three times
with three different types of padding between tlaefe and the drop tower head: %2” rubber, 1”
rubber, and thin rubber matting. The bottom chafrthe frame was clamped down to the base
of the drop tower in order to prevent any movemgran impact. All acceleration plots were
also filtered by importing the Microsoft Excel datallected during the tests into MATLAB and
applying an SAE filter to smooth out the data alimhieate most of the noise. This set up and

loading is summarized in Figure 76 along with nurmbbels for each member.



P Center Point
Load

Figure 76: Truss setup for dynamic test #2.

The strain gauges used to gather material dagadaf of the key members (mainly the
top chord and the center column) were arranged|bks\vs in

Figure 77.

=

O O

Figure 77: Strain gauge assembly for dynamic frame test.



The parameters for this test are summarized beiolable 24.

Table 24: Testing Parametersfor Dynamic Truss#2.

Property Value
Drop Height (inches) 50
Mass Dropped (Ibs) 695
Kinetic Energy Calculated (ft-1bf) 2,895.9
Force Calculated (Ibf) 69,500

The first part (A) of the test used 1/2” rubbemamedium between the drop head and the
frame. The acceleration data was collected in Bkeceugh LabView and transferred to

MATLAB for filtering. The filtered data can be se& Figure 78.



Truss #2A Dynamic Test
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Figure 78: Truss#2A Accelerometer Results.

This graph displays a maximum acceleration of 86 @ich corresponds to a force on
impact of 59,075 Ibf.

The strain gauge readings for this test are predantFigure 79 below:

Truss 2A Dynamic Test
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Figure 79: Truss#2A strain gaugeresults.



These strain readings are summarized below in T2ble

Table 25: Summary of Strain Readingsfor Truss#2A

Strain Gauge Maximum Strain Reading
1 0.003
2 0.007
3 0.009
4 0.01

The second part (B) of the test used 1” rubbermgdum between the drop head and

the frame. The acceleration data was collectétkiel through LabView and transferred to

MATLAB for filtering. The filtered data can be se& Figure 80.

Truss #2B Dynamic Test
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Figure 80: Truss#2B Accelerometer Readings.




This graph displays a maximum acceleration of 72 @ich corresponds to a force on
impact of 50,040 Ibf.

Corresponding strain gauge readings are displagkxhvidn Figure 81.

Truss 2B Dynamic Test
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Figure 81: Truss#2B strain gaugeresults.

These strain readings are summarized below ineT2l

Table 26: Summary of Strain Readingsfor Truss#2B

Strain Gauge Maximum Strain Reading
1 0.002
2 0.0052
3 0.0065
4 0.008




The third part (C) of the test used thin rubbertmgt(approximately 1/16”) as a medium
between the drop head and the frame. The acdeleddta was collected in Excel through

LabView and transferred to MATLAB for filtering. hE filtered data can be seen in Figure 82.

Truss #2C Dynamic Test
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Figure 82: Truss#2C Accelerometer Readings.

This graph displays a maximum acceleration of 1Zbvhich corresponds to a force on
impact of 121,625 Ibf.

At this point the strain gauge readings displayéat af noise rather than clear curves,
which could be either because of the very smalluarhof padding used or because the strain
gauges failed during the test.

The drops described above finally bent the trassraanages to buckle the top of the

center column. This failure can be observed in @3 below.



Figure 83: Result of dynamictest #2.

With this test the weight was dropped three timeshe same truss with different
programming materials (the neoprene pads). Thetfwo used thick and stiff pads of different
thickness and yielded impact forces of 59,075 Haf 80,040 Ibf respectively, while the last test
was with a thin rubber mat and yielded 121,625 [ifie thicker pads managed to bring the force

observed closer to the static load and managee&ixewn the truss for failure in the third drop.



Discussion

The purpose of this report was to observe thraxgierimentation the internal structures
of a submarine module and investigate any congemanherent in their design. At first a series
of background investigations had been performeghto familiarity with a submarine’s structure
and the process by which it is designed and bihilis background included documentation
provided by Electric Boat and tours of Electric Bsdacilities in Connecticut. After the
background research was carried out, sample desigresprovided by EB representing scaled
Pratt-like trusses representative of a truss canditgon in the modular structures on board the
submarines along with material specifications facprement and use of steel in the testing
samples.

After the steel was procured and the trussesdatad, the testing portion began. The first
part of testing was to establish the propertiethefmaterials used utilizing the ASTM E8
standard for testing of metallic materials. Theanat used was ASTM A500 Grade B steel in
the form of HSS shapes and the ASTM standard seedifat the yielding strength of the
material must be at least 46,000 psi. The tensdtstwe did and in accordance with ASTM E8
provided an average yielding strength over thrasile samples of 56,367 psi—nearly 20%
higher than the specified minimum. So automaticsdigne question was placed on the
conservatism of theoretical design in those memibéne yield strength used in the design is
already by itself 20% lower than is experimentalbserved in the material.

The next step in the testing process was to gatenas to the failure modes of the
columns in the truss by themselves. At first arZhicolumn representative of the center column
in the truss design was tested under quasi-staing to observe its buckling behavior in
comparison to what the AISC empirical data sugg&ssed on a conservative effective length

factor (K) estimate of K=1.0 (pin-ended columnsfte rotate at both ends) and a yield strength



of 46,000 psi (ASTM minimum), the calculated bunglioad of a column like this would be
36,138 Ibs based on AISC equations. However, titecgesting of a single column did not
actually buckle until 51,233 Ibs—a 29.5% increaBas loading is more consistent with an end
condition of fixity, suggesting the real end comatis of the columns to be closer to 0.65-0.7
rather than the 1.0 used.

After quasi-static loading, new columns were tpiated under dynamic load using the
drop tower, a specified drop mass, and acceleromgt@rder to measure acceleration on impact
which was used to calculate the instantaneousdaathpact. Using the quasi-static column
buckling load of 51,233 Ibs and the conservatiorradrgy, it was calculated that a mass of 170.8
Ibs would be required at a height of 5 feet in otdeachieve a kinetic energy of 853.88 ft-lbs
required to buckle the column. However, with a mask30 Ibs dropped from 5 feet, very little
deformation was observed in the columns despit®@simg an extremely large instantaneous
load of between 70,000-167,000 Ibs of force oncthlamn at impact. After 3 columns at this
drop height it was apparent that we lacked sufficieeight and height to attain the energy
required to buckle these compact columns (as thenstnergy observed with this weight was
only seen to be between 322-562 ft-Ibs using tiell&rop mass). Thus the mass dropped was
increased to 281 Ibs dropped from 5 feet, whidhatly yielded 583 ft-lbs—still not close
enough to the required energy of 853.88 ft-Ibs.

Through this it was observed that we did not haveugh capacity of either height or
weight to buckle these columns with their matepi@perties and compactness. So the length of
the column was increased to 36 inches in orderakenthe column more slender to observe the
column’s buckling pattern in dynamic loading. Thdumn in quasi-static loading was observed

to handle a peak load of 52,282 Ibs before buckiivtgch is extremely high once again



considering it has an AISC calculated buckling 10883,239 Ibs. For the dynamic test the
springs to the drop tower were removed to incréasallowable height and the mass was
increased enormously to 747 Ibs as opposed to&héb® of the preceding drop. This test finally
buckled the column considerably, deflecting itapact almost ¥z inch and producing a strain
energy of 1,680 ft-Ibs, considerably larger thaa kimetic energy required of 837 ft-Ibs. The
strange part however was the fact that the kirestergy for the drop was enormous at nearly
3,000 ft-Ibs, nearly twice the strain energy!

For the truss configuration a series of setupgweélized, but at the request of Electric
Boat emphasis was placed on the centered poinnigad the quasi-static truss tests 5 and 6.
The buckling load from these tests however, diddider that much from that of the column,
with only a slight increase from a quasi-statiaucoh loading of 51,233 Ibs to an average peak
load in the trusses of 55,202 Ibs. A major diffeethough was the fact that due to the welds in
the truss and surrounding structure the ends staged in place with more fixity in the center
column (the column that buckled in this loadinghging the realistic end condition closer to
that of fixity with 0.6 as the effective length fac (K) rather than the conservative estimate of
1.0 (pin ended and free to rotate) used in thegdeshich through the AISC buckling equations
would yield a buckling force in the center colunf8,620 Ibs for a 24 inch column.

When this truss setup was placed under dynamdirigat was initially under the final
weight dropped on the 24 inch columns of 281 llmpded from 5 feet, which after the drop did
absolutely nothing but dent the top chord of tlisgrslightly. It was at this point that it was
decided to increase the mass to 695 Ibs and rethev&prings. The tests that followed also
employed various thickness neoprene pads as progragrmediums in order to lengthen the

pulse of impact (stretch out the time of loadingngpact).



The first of these tests was the test used tbreaé what the difference would be when
using the pads as opposed to dropping directly statel. This test dropped the 695 Ibs from less
than a foot above a truss with no padding, haihah of padding, and then an inch of padding.
Accelerometer results displayed that with no pagl@inall (just steel on steel impact) the time of
impact was only 1/100of a second, but this loading frequency changetetoly 1/18 of a
second with an inch of padding, and this additiso fowered the peak acceleration from over
120-G’s with no padding down to 90-G’s with an imafipadding. This would allow us to get a
lower force on impact as the load is no longeranttneous as before, bringing down the gap
between quasi-static and dynamic buckling loads.

The last test using the symmetric trusses wadagitai the calibration test just explained,
but the height of the drop was increased to theimmam allowable height of 50 inches and the
programming mediums were different thickness naoppads of one half an inch, one inch, and
then a mere 1/4%inch rubber mat. The first two tests used thekthiod stiff neoprene pads used
before, and resulted in loadings at impact of 58 /0% and 50,075 Ibs respectively; very close to
the quasi-static loadings, but very little deforimatwas observed. However, the third test with
the rubber matting (simply to dampen the noise ftbensteel on steel contact) produced an
instantaneous loading of 121,625 Ibs and a deféomaf approximately 1/4 of an inch,
resulting in a strain energy of 2,500 ft-lbs whictally buckled the weakened truss.

The final test to discuss is that of the asymroejuasi-static truss test. Concern had risen
regarding increased moments in the center colurtieitolumn was off center and the truss not
symmetric. However, the asymmetric truss actuabyaged to take on a higher loading than
that of the symmetric trusses and still managdaltkle almost entirely in the center column at

60,222 Ibs. Based on analysis of the truss usitlg dlassical methods as well as data from the



strain gauges, the only difference made by thisighavas that the diagonals managed to take a
heavier burden in the loading with one taking ntbian the other. The failure mode however,
displayed an interesting level of torsion ratha@mtlsimple deflection in a single plane, both
buckling out towards the shorter diagonal as welbackling out of the plane of the truss at the

same time.



Recommendations

In the beginning, the stated goal of this proyeas to identify and possibly quantify
conservatism in the design of submarine moduleggvtrusses are employed) through
analytical prediction and experimentation. Curmaodules are designed to withstand dynamic
loadings with elastic deformation analysis methimisomputing stress and buckling. The
potential conservatisms inherent in these methedsb with the fact that elastic methods
assume the deformation remains elastic, not plastidt continue with the fact that traditional
analysis methods are based on empirical data ftatc $oadings. Based on the AISC limiting
values for slenderness from Chapter E of the &eaktruction Manual (Chapter E, Steel
Construction Manual, 2005), the members used inesieng (both 24 inch and 36 inch) are not
considered slender and should be analyzed usitastieebuckling methods. Also, the modules
in these submarine structures are not subjectsgmificant static loading, as the design
methods are based on, but are intended to sureitaic severe dynamic loading conditions.

In order to quantify the conservatism, variousst@gere run to observe the behavior of
the truss members when subjected to static andnaigniaads until failure, with an emphasis
placed on the dynamic loading. In the dynamicstesparticular, it was observed that, despite
an increasingly high load on the instant of imp#wt, columns and frames were not buckling.
When the height of the drop was increased and #ssmropped was nearly doubled, the
columns finally buckled and after repeated dropgendampening the pulse of the loading, so
did the frames. However, these drops that budklednembers dynamically also reflected
lower instantaneous loads on impact than the santipée did not buckle. This brings us to the
ultimate conclusion drawn from the dynamic testithgt the buckling in a dynamic situation is

almost entirely dependent on the strain energy.



This conclusion can be drawn based on the idé¢aththe column leaves its elastic
region and begins to fail, there are no longerdsrgpringing the column back to its original
shape; the member deforms and permanently staty#lya This means that the deformation
increases and the load on impact decreases, reguitthe strain energy required for dynamic
buckling being approximately the same as the kirestiergy required for static buckling. As the
theoretical energy required for buckling is caltedbbased on static loading, design of members
for buckling would be the same for both static dgdamic.

While this is a valuable conclusion, it still dogst pinpoint conservatism in the design;
however, an examination of the static design asdlt® can shed further light on this
conservatism. Observing the 36 inch column (aseseived failure results both statically and
dynamically to compare), the peak static load wg2& Ibs which yields a critical buckling
stress of 62,240.48 psi. Using the AISC equati8f2Eor inelastic buckling design and back
calculating using this load and the theoreticaldyrey stress of 46,000 psi, one gets an Euler
buckling load of 172,910.72 psi, which (based omemal and geometric properties of the
column) would yield a K value of 0.86 rather thhe K value of 1.0 used in the standard design
for these stresses.

This leads to the main recommendation of all ekthtests, which is to continue with
static design of the members since in the worst sasnario, these members will buckle relying
on strain energy and at failure, strain energy alkct®st identically between static and dynamic
loadings. However, the static design of the memhas conservative assumptions; the major
one being that the K value of the truss is 1.0aathan a value of between 0.8 and 0.9 realized
in the tests carried out. If one replaced the Ki@an the analysis of the single column buckling

with 0.8 and the yielding stress in the design pé¢ie experimental yield stress of 56,367 psi,



the estimated peak load for the 24 inch column dautrease from 43,620.76 Ibs to
approximately 45,000 Ibs.

Thus, it is recommended that consideration bergisechanging the assumption to K=0.8
and keeping the yielding stress at the ASTM spetifi6,000 psi. It is proposed that this would
still result in a conservative design, but wouldesenaterials and money because this would
allow for the radius of gyration in the slendernesifo to decrease, which would in turn keep the
truss members at a compact and conservative desidg making the cross sectional area less
and ultimately using less material. Less mateni@hns less structural weight, easier
manufacturability, and higher cost efficiency. Heower, further changes beyond this point
should be verified through additional research gisiore emphasis on dynamic situations and

the impact of these changes for Electric Boat'sgjgemembers.
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Appendices

Appendix A: Sketch: WPI-01 Rev B - WPI Senior Project Truss Test Specimen
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Appendix B: Weld Inspection Data Sheet
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WELDING TN,

Weld Inspection Data Sheet
WORCESTER COUNTY WELDING INC.

customer__ (LJ :_'\:) o, T
o8 NO, DPS{ DATE 5
WELDING PERFORMED BY.___1 M caohy  FEERCFIRD

WELDING AUTHORIZED BY M‘mﬂﬁ?
weLping process_ V1 (Lo ( Gmaw )

MANUAL f MACHINE v SEMI-AUTOMATIC "’"'fnumﬂmc
1QINT DESIGH USED:

TYPE SINGLE WELD ‘/’f DOUBLE WELD f

BACKING YES__ Nﬂ_'-"/ BACKING MATERIAL Aol

ROOT OPENING__ — ROOT FACE DIMENSION  _ —

GROOVE ANGLE FE; RADIUS (3-U)__YVE S

BACK GOUGING YES NGO “"’F"

METHOD

BASE METALS:

MATERIAL SPEC. TYPE OF GRADE

THICKNESS  GROOVE FILLET
DIAMETER (PIPE)

FILLER, METALS:

AWS SPECIFICATION. ﬂ E . 1? AWS CLASSIFICATION -?Ej 5 {ﬂ

1of 2




SHIELDING:
FLUX. GAS_ —— __  COMPOSITION (% GAS) S/ 25
ELECTRODE-FLUX (CLASS)_ —

FLOW RATE = OGP W Gas cup s1ze. ——

PREHEAT:
PREHEAT TEMP., MIN. o
INTERPASS TEMP., MIN. = MAX, —
POSITION:
POSITION OF GROOVE ELAY— FILLET il
VERTICAL PROGRESSION UP_—_  DOWN_——

ELECTRICAL CHARACTERISTICS:
MACHINE PARAMETERS

TRANSFER MODE SheeT - uTwrc

SHORT-CIRCUITING GLOBULAR SPRAY

CURRENT VOLTS = |  aAMPs_| o)

AC DCEP v/" DCEN

_ PULSED___
OTHER
TUNGSTEN ELECTRODE (GTAW) Gieh-— [ APE:" "
TECHMIQUE:
FEED RATE /&L PVYSTRINGER OR WEAVE BEAD —
MULTI-PASS OR SINGLE PASS "’f NO OF ELECTRODES
ELECTRODE SPACIMG: LONGITUDIMAL LATERAL AMNGLE

CONTACT TUBE TO WORHK DISTAN ﬂ_ﬁé

PEENING ~—~  INTERPASS CLEANING L0410 [ T
FoC &LARS LS

POSTWELD HEAT TREATMENT:

TEMPERATURE TIME.

20f2



Appendix C: Material Specifications
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S8COFE

This specification covers carbon steel bar size shapes, bars and
square and rectangular structural tubing.

The following classes of bars, bar size shapes and structural
tubing are included:

Class A - Hot rolled carbon steel bars and bar size shapes
with defined chemical and mechanical properties.

Class B - Cold formed sqguare and rectangular structural steel
tubing with defined chemical and mechanical
properties.

AFPLICABLE DOCUMENTS

Unless otherwise specified, the date of issue of all
specifications, standards, publications, ete., invoked by this
procurement Specification shall be theose in effect on the date
gpecified in the Purchase Order or request for proposal.

SFECIFICATIONS
INDUSTRIAL
ASTM-26 -  General Reguirements for Rolled Steel Flates,

Shapes, Sheet Filing, and Bars for Structural Use
AETM=-A328 = Structural Steel

ASTM-ASOD - Cold-Formed Welded and Seamless Carbon Steel
Structural Tubing in Rounds and Shapes

REQUIREMENTS
Material furnished under this specification shall conform to the

applicable requirements of ASTM A6, as defined herein and in
referenced specifications.

The steel shall be made by one or more of the following
processes: open-hearth, basic-oxygen, or electric furnace.

Ne rimmed or capped steel shall be used for bars over 1/2 inch.
Mo rimmed or capped steel shall be used for bar size shapes.

Class B material shall be seamless or ERW (Electric Resistance
welded) .

Steel used to produce this tube shall be strand (continuous)
cast from semi=-killed or killed steel.

Chemical Reguirements



Thickness,
Inches

To i/4, incl.

Oover 374 to

1-1/2 inel.

Cwver 1=1/2
to 4 incl.

Cwer 4

all sizes

Size

all
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Class A bars and bar size shapes.

The heat analysis of Class A

material shall conform to the reguirements described in Table

1. Material shall be supplied as special guality.

Class B tubing.

The product analysis for Class B structural

steel tubing in sguare and rectangular sizes shall conform to

the requirements described in Table 2.
required for Class B material.

Product analysis.

Heat analysis is not

The steel shall conform, on product analysis,

to the requirements prescribed in Table 1 or 2, as applicakle.

Product analysis is not applicable to bar size shapes or flat

kars 172 in. and under in thickness.

TARELE I
CHEMICAL REQUIREMENTS FOR CLASSE A MATERTAL
CHEMICAL RANGES AWND LIMIT, %
HEAT AND FRODUCT ANALYSES

BARS
Carbon Manganese Phesphorus
Heat Product Hieat Product Heat Product
Max. Max. Max. Max.
0.26 .30 = - D.04 0.05
0.27 0.31 0.4a0 D.54 0.04 .05
0.90 0,98
0.28 0.32 0.460 0.54 0.04 .05
0.90 0.98
0.29 0,33 0.&60 0.54 0.04 0.05
0.90 0.98

BaR STZE SHADES
0.26 0. 30 = -

TABLE 2
CHEMICAL REQUIREMENTS FOR CLASE B MATERIAL
CHEMICAL RANGES AND LIMITS, %
FRODUCT AMNALYSES

Carbon, Max.
Product

Phosphorus, Max.
Product

.30 0.05%

Sulfur
Heat Product
Max. Max.

0.05 0.06

.05 .06

0.06

0.06

Sulfur, Max.
Product

. 063
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3.4 Tensile Requirements

3.4.1 Class A material, as represented by the test specimen provided
in ASTM A6, and except as specified in 3.4.1.1, shall conform to
the tensile property requirements specified in Table 3.

3.4.1.1 Shapes less than 1 =g. inch in cross section and bars other than
flats, less than 1/2 inch in thickness or diameter need not be
subjected to tension tests by the producer.

I.4.1.2 For material under 5/16 inch in diameter or thickness, a
deduction from the percentage of elongation in B inch, as
specified in Table 3, of 1.25% shall be made far each decreasze
of 1/32 inch of the specified thickness or diameter below 5/16

inch.
TABLE 3
MECHANICAL REQUIREMENTS
FOR CLASS A MATERIAL
Bar Size
Bars Shapes
Ult. Tensile Strength, psi 58,000 - 80,000 58,000 - BO,000
¥ield Point, min., psi 35,000 36,000
Elongation in 8 in. min. % 20 = 20 *
Elongatien in 2 in., min % 23 23
* - Ses 3.4.1.2,
3.4.2 Class B material, as represented by the test specimen, as

provided in ASTM AS00 and ASTM A370 Supplement II, shall conform
to the tensile property regquirements specified in Table 4.

TABLE 4
MECHANICAL REQUIREMENTS
FOR CLASS B MATERIALS
(STRUCTURAL TUBING)

Tensile Strength, min., psi 58,000
Yield Strength, min., psi 46,000
Elongation in 2 im., min. 23 *

* - Applies to specified wall thicknesses 0.180 in. and owver.
For wall thickness under 0.180 in., the minimum elongation
shall be calculated by the formula: percent elengatien in 2
in. = 61t + 12.



4.2.1.1
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The following table gives computed minimum values for
longitudinal strip tests:

Wall Elongation
Thickness in 2 in., min. %

0.180 23
0.1&5 22
0.148 21
0.134 20
0,120 19.5
0,109 19
0.085 1a
0.083 17
b.065 16
0.049 15
3.035 14

When galvanizing is required, procurement documents sheuld
specify the appreopriate coating sepecification.

When painting is required, procurement documents should indicate
the type and color of paint regquired. NOTE: Material to be
painted must be descaled prior to painting.

Identification Reguirements,

Class A material shall be marked in accordance with the Ordering
Data specified elsewhere in this order.

Class B material shall be marked in accordance with the
requirements of 5,1,

QUALITY ASSURANCE FROVISIONS

Responsibility for inspection. Unless otherwise specified in
the contract, the contractey is responsible for the performance
of all inspection regquirements specified herein. Except as
ctherwise specified in tha contract, the contractor may use his
own or any other facilities suitable for the performance of the
inspection requirements specified herein, unless disapproved by
the Electric Beat Divisien or the Government. The Electrie Boat
DMvision reserves the right to perform any of the inspections
set forth in the specification where such inspections are deemed
necessary to assure supplies and services conform ta prascribed
requirements.

RQuality Conformance Inspection.
Lot Size.
A lot for Class A material shall consist of material from the

same heat or blow submitted for inspection at cne time unless
ctherwise specified.



Appendix D: Static Test Results
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CEINSTROMN1547 12:34:19 PM 3272010

ijﬁj column.  stahie

A00G00

48000 /

36004

L (b1

12000 /
%’fﬁg o B ) ) 3 s

Position {in)

Test Sammary Test Results
Counter: 347 Area; 0.8973 in?
Elapsed Time: 00:25:59 Peak Load: 52287 Ibf
Specimen Identification: EB Long Width: 20000 in
Material: ASD0 Comer Radius: 02500 i
Procedure Namc: Tube Comp. -2 Ext Wall Thickness: 01250 in
Start Date: 37372010 Compressive Strength 3B264 pai
Start Time: 10004:07 AM
End Date: 3372000
End Time: 1030006 AM
Workstation: CEINSTRONI

Tested By: default
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20000 /
10000 /ﬂ
% ‘lﬂz/ § i3 i3
Position (in)
Test Summary Test Results
Counter: 309 Area: 14.6741 in®
Flapsed Time: 00 10:47 Peak Load: 42611 Ibf
Procedure Mame:; Tube Comer Radius: 0.1250 n
Start Date: QIE2000 Wall Thickness: 0.1250 in
Start Time: 82736 AM Widthl: 34,0000 in
End Date: QIR 2009 Width2: 250000 in
End Time: B38:23 AM
Workstation: CEINSTROM1
Tested By: default
Matenal: AS00 Tl g
Comments: EB Full Frame e el
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Jest R 9/t0/09
(S0t Trnes as Test 1)

20000
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54000 /i’
43000 /
o
L
=
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32000 /
1000k //
7
0 A
i (R E} 0.28 LR H .
Position (in)
Test Summary Test Results
Counter: 310 Area: 14,6741 in®
Elapsed Time: 00:19:14 Peak Load: T6382 1bf
Procedure Mame: Tube Comer Radiusg: 0.1250 in
Start Date: 910/2009 Wall Thickness: 01250 in
Start Time: a:18:56 AM Width1: 34,0000 in
End Date: 9/10/2009 Width2: 250000 in
End Time: 8:38:10 AM
Warkstation: CEINSTRON]
Tested By: defanit S
Material: AS00 Ty
Comments: 9.10-09 EB |
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Counter: 313 Area: 20,6984 in?
Elapsed Time; O0:19:03 Peak Load; 151617 Ibf
Procedurs Wame:  Tube Corer Radius: 0.2500 in
Start Date: G/ 16/2009 Wall Thickness: 0.23500 in
Start Time; 9.06:26 AM Widthl; 24,0000 in
End Date: QG000 Width2; 36.0000 in
End Time: G:25:20 AM
Workstation: CEINSTRON]
Tested By, default
haterial: AS00 &

Comments: 9-16-09 EB Plugs-2
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Counter: 316 Area: 14.9241 in®
Elapsed Time: 00:13:28 Peak Load: 106549 1b{
Procedure Name: Tube Corner Radius: 0.1250 in
Start Diate: 0/25/2009 Wall Thickness: 01250 m
Start Time: 31741 PM Width1: 24,0000 in
End Date: 9252009 Width?: 36.0000 in
End Time: 3:31:09 PM |
Workstation: CEINSTRONI T Y Soly
Tested By default Sheld Acam g
Material: A500 Seelp
Comments. 0-25-09-EB




CEINSTRON132) 12:37:03 PM 10/21/2009
Centric Ront Loeol (Staticd
GODO0 T
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D
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Load (b
AN

24000 /
/

G R E ) 3 T ]
Position (in)
Test Summary Test Results
Counter: 320 Area; 30,1964 in?
Elapsed Time: 00:06:47 Peak Load: 53278 IbF
Procedure Name: Tube Comer Radius: 0.2500 in
Start Date: 1042 1/2009 Wall Thickness: 0.2500 in
Start Time: 12:29:15 PM Width1: 25,0000 in
End Date: 10/21/2009 Width?: 36,0000 in
End Time: 12:36:02 PM
Worlestation; CEINSTROMI
Tested By: default
Materjal: AS00
Comments; ER 10-21-09-3
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Test Summary Test Resulis
Counter: 350 Width; 28 0000 in
Elapsed Titne: :14:24 Length: 34 000 in
Specimen Identification;  EB-12-16-09 Area; 952.0000 in*
Material: A5 Peak Load: 57126 bt
Comments:
Procedure Name: dpel-block comp
Start Date: 12/16/2009
Start Time: B3T.57T AM
End Drate; | 21620049
End Time; 85221 AM
Workstation: CEINSTRONI
Tested By: deFault
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Test Summary Test Results
Counter: 544 . Area: 14,8973 in?
Elapsed Time: 00:07:41 Peak Load: a0222 1bf
Procedure Name: Tube Corner Radius: 02500 in
Start Diate; 12000 Wall Thickness: 01250 1n
Start Time: 53234 AM Width1: 24,0000 in
End Date: 3120100 Width2: 360000 in
End Time: 540015 AM
Workstation: CEINSTRONI
Tested By: default
Material: AS500
Comments: EB Asem, 3/1/10
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