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Pawin Ritthiruth

ABSTRACT

Hot-rolled sheet piling has loAgeen believed to have a better flexural perforoegthan coldormed sheet
piling based on gest conductethy Hartman Engineering twenty years agtmwever, coldéformed steel

can havesimilar strengthto the hotrolled steel This experimental prograstudied the flexural behavior

of hotrolled and ctd-formed steel sheet pilings. This prograyjmantified the influence of transverse
stresses from soil pressune the longitudinal flexural strength. Foarosssections with two pairs of
equivalent sectional modulugere investigatedSheetpiling specimenswere subjectetb simulated soil
pressure from an air bladder loaded transversely to their longitudinal axis. The span lengtVaried

while the loading area remains unchanged to examine the effect of different transverse stresses. Lateral
brachgs were providedat discrete locations to establish a sheet piling wall behavior and allow the
development of transverse stresses. Hoadsure, loadeflection, loaestrain, and momerdeflection
responsewere plottedto demonstrate the behavior othapecimen. The momedeflection curvesvere

then normalizedo the corresponding vield stress from tensile coupon tests to makeaningful
compaison The results indicate thaansversestressemfluencethe flexural capacity ahe sheet pilings.

The longer span length has less amount of transverse strains, resulting in a higher momentTdagpacity.

hotrolled sheet pilings have better flexural performaalsebecause of less transverse strains
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GENERAL AUDIENCE ABSTRACT

Sheet pilingwvall is an essentiastructurausedduringtheexcavation procesSheet pilingcan behot-rolled
and cold-formed. Hot-rolled sheet piling has loAlgeen believed to have a better bending performbaamed
onatest conductedy Hartman Engineering twenty years agowever, coléformed steetan haveimilar
strengthto hot-rolled steelThis experimental program studied tiendingoehavior of hotolled and cold
formed steel sheet pilings. This program quantified the influentatexfal loadingrom soil pressuren
themoment capacity of th&heet piling Four crosssections with two pairs of equivaldrgnding properties
were investigatedSheetpiling specimensveresetup asbhean members ahsubjectedo simulated soil
pressure from an air bladd@he span lengthsf the specimenserevaried, while the loading area remains
unchanged to examine the effect of difietamouns d load Lateral bracings were provided at discrete
locations to establish a sheet piling wall behavior and altmal deflectionof the crosssection Load
pressure, loadeflection, loaestrain, and momerdeflection responses we pldated to demonstrate the
behavior of each specimen. The momeeflection curves were then normalized to the corresponding
material property of eacépecimerto makea meaningtil comparisorbetween difierent specimend he
results indicate thdateral loadingdf the soil pressunafluencesthe bending capacity of the sheet pilings.
The longer span length has less amourntafsverse strains, resulting in a highendingcapacity.The

hotrolled sheet pihgs have better bending performamatsgobecause of less transverse strains
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CHAPTER 1: htroduction

1.1Background

Sheet piling is one of the necessary componeatsmonlyused in the construction processsitapable
of supporting soilor watermass during excavation and constructiorastructural foundationSeveral
sheet pilesaredriven into the groundnd conected to form a retaining wallich that they behave similarly
to a flexuralcantilever membefSeeFigure 1). Understanding the failure modes of sheet piedthe
effect of uniform soil pressurés vital for the designof a sheetpiling wall. This researchnvestigated
behavior, failure modes, flexural capacity, &nel relationship between longitudinal and transverse stresses
of sheet piling pecimers. The experiment icluded several specimens with differences in crssstions
and span lengths. Two main types oéa@mens, including hetolled and coldformed sheet pilingyere
tested.The dataobtained from the test can bhsedto examine the effect of the transvessd pressure on
theflexural capacity ok sheet pile, the effect of span lengths, and the apisgn between heblled and

cold-formedsheetpiles

FIGURE 1: SHEET PILING WALL (DESIGNBUILDINGS , 2017)

Sheet piles behavenlike other steel section3hey are madeof thin steel plates formed or rolled into a
unigueshapeto have better sectional propertidhie members are connected and loaded simultaneously

like a wall restraining soil pressuréhe sheet pilesare subjectedo uniform flexural loadingin both



longitudinal and transverse directionghe lateral deformation of a sheet piling member is prevented
becausét is laterally braced at the interlocks by other sheet pil¢isanetaining wall systemThis lateral

bracirg condition makes the sheet pilevddp transverse stresses.

This researchvas motivatedto evaluate and discuss the perceived structural capacity differences in the
steel sheet piling industry between céddmed and hetolled crosssectiors. Hartman ad Nealconducted
aproject with differenhot-rolled and coleformed pilingconfigurationgHartman R.J. and Neal J,A.992

and 1997. Theycreated design curves in which the moment capacity of botiohed and coleformed
sectiongdecrease from thiill capacityto zeroat somehigher points of thepplied hydrostatic pressure
(See an examplim Figure 15). The decrease in capacity was due to the existence of transverse stresses.
They also concludkthat thehot-rolled sheet pilingdcapacitywas better than the cefdrmed sheet piles

even though both crosctions had similar sectional modullike resulthas been believed andedfor

more than 20 yearslowever,today, cold-formed steetan have similastrengthwith the hotrolled steel
Samuel BRIl Form GroupcompanyandNBM technologiegompany conducteda finite elemenianalysis

and fourpoint bemling test{NBM Technologies, In¢2016 and 2017 he resultshowedhatHartmaris
conclusiom was inaccurate sinamly a few tests were conducted in 1988dthedifferencein transverse
stressand longitudinal stress ratios were not d¢desed. The analysis suggested consistent flexural
responses for hablled and coleformed sheet pilings wh similar sectional moduk Therefore,the

uniform bendingexperimenwill be performedo confirm the results from the finite element analysis.



1.2 Objective and Scope

This experimental programompareghe relationship between transverse stress and flexural capacity of
hotrolled and coleformedsheet piling specimen$he transverse stress causes a sheet piling section t
buckle locally beforeeaching the specifiegleld strength of the crossection preventing ifrom reaching

the specifiedcapacity(NBM Technologies, In¢.2016) Four different crossectionsncludecold-formed
(JZ-120 and XZ95) and hotolled (PZC-18 and PZE26) profileswere evaluatedThe same type of the
crosssection, for example JZ120 and XZ95, has the same shape of the middle infEnckeet piles
wereloaded uniformly under pressure throwgtair bladder at the midpanwhichgeneated simultaneous
longitudinal and transarse loadingThe objectives were to invegatetheflexural behavior of sheet piling
under with an existence of transverse loading, effetspan length, and performance betweerrditad

and coldformed sheepilings. Themainresearchlguestions the research tegtanned to studincluded

- How do the transverdgendingstressess®ciated withthe local bending of the flanges or webs
due to theapplied pressure perpendicutartheir surfacesandthe axialstresses due to loading
against the restrained conditicaffect andinteract with the longitudinal stresses associated with
the major axis momergndhow dothe effect and the interaction influence the maximum moment
of the crosssection?

- How and why the different amount ofiformloadingin both vertical and lateral directiotsthe
crosssectionthat isrequired to obta a similar momentfor the different span lengthaffect the
maximum moment of the crosgction?

- How and why the hetolled and coleformed sheet pilings arer are not equivalent in terms of

their flexural behavioand what could be the fact@rs



CHAPTERZ: Literature Review

The major types of literature to beviewed in this study are related to steel sheet piling tests. These include
the developmenbf steel sheet pilings, flexural behavior, effects of longitudinal and transverse strains,
failure modesdifferent material poperties of hoetolled and coleformed sheet piling processes, and

hydrostatic test on sheet pil&heet piling standards and specifications are also reviewed.

This projecbuilds on researatbnductedtLehigh Universitfy NBM Technologies, Ing2017) The major
differencebetween tis research and previous reseaixtheloading method a four-point bending test
was usedor Phase I, anaguniforme pressure tegtas usedor Phase lin the current researcho control
the failure mechanisnthe layout of the tesivas designed basl on thefinite elementstudy (NBM

Technologies, In¢c2016)

Other former tests were conducted by Hartman R.J. and Neallie) tested a hablled and a cold
formed crosssection withsimilar sectional moduk(Hartman R.J. and NedlA, 1992) They usd a water
bladder to apply a hydrostatic pressure on the sheettpittady their flexural behavioFive years later,
they crated design aids for manygheetpiling profiles (Hartman RJ. and Neal J.A. 1997)These

experimemal programs were the inspirations of all the tests outlined above.

The data reviewedereusedto design test setup for Phase Il program, controlling the failure mode of the
sheet piling spemens, preventing issues that may occur during the test aegdodthe previous studies,

selecting analytical methods, and presentiregresult from the study.



2.1 General Concepts &tructuralSteelSheetPilings

Sheet piling is a structural menmrhesed forestablising continuous systems or walls to retaiater anéor
soil pressureSheet piling crossections are produced either from-holled or coldformed steel plates
(JD Field, 2015)Sheet piles are installeing a mechanical pile driver sequencgalong the excavation
perimeterMembers areonnetedusinglongitudinalinterlocks at both sides of the cressctionto form a
continuous wall.They can beusedastemporarystructures during an excavation pessor permanent
retainingstructuresas shown irFFigure 1. An example of sheet piling crosgctions (JZL20 and XZ95)

is shown inFigure 2.

There are rany advantages of sheet piling membaraking them very popular to use as a retaining wall
elenents.They are convenient to be lifted and transporfdso, theycan be reused and recyclsinilar

to other steel structures. Pile length and design are adjustable to the site conditébredlpike costitself

and the maintenance cost are relajivebs expensivéhan other typgof retaining walls. However, it is
difficult to drive a sheet pile into rocky soil, and there is some disturbance to the vicinity during pile driving
process.Also, the costs of removing sheet piles used as temporarynsysteed to be considered

(Designingbuildings, 2018)

FIGURE 2: STEEL SHEET PILING SPECIMENS



Steel sheet piles were first introduced in th# ¢&ntury. During that time, wood and cast iron were still
common materials for strtueral applications. Howevethese materialkack ductility, therefore a sheet

pile was manufactured using medisteeland became more populdthe development of sheetle
required the following main characteristics (F.R. Mackley, 20&6pnomy sufficient strengthto retain

soil or water pressure withoan excessive amount of bracing, stiffness to prevent buckling under the
driving hammer, watetightness, and econoaail crosssectionsOne of the most famous developisTry
LarssenaGerman chitengineer. He inveedthe first steel sheet pile with adéctionwhich has straight
websand riveted interlocks. His design concepd haen used for the following sheet piling developraent
until a new rivetless interlock was debuteHowever, he U-shape crossection is still commonly used
structural application§ID Field, 2015) The most commorcrosssectional types of steel sheet pile are

shown inFigure 3.
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FIGURE 3: TYPES OF SHEET PILING CROSS-SECTIONS (EUROCODE, 1993)
The next generation of sheet pileghich isZ-sectionor hatsection wascreated with improvements in
crosssectiondetailsto enhancethe structural propertiesuch as higher local buckling strength
continuous web connecting to the flanges wasiatsoduced These sectional changes resdlinagreater

strengthto-weight ratio and efficient installing proce6iD Field, 2015)
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2.2Development of Hallype Sheet Pile 900 @ifataet al, 2008)

Introduction

Steel sheet piles were first reported to be used for an earth retaining wall in Japan iThe03in 1923

large amounts of steel sheet piles were imported to the country fedipaster construction and damage
repair of the Great Kantearthquake 01923 (Harataet al, 2008) After that, Japan started to produce more
sheet piles domestically, and finglthe amounts of sheet piles produced each year reached 600,000 ton
for recent yeardn the beginningU-type sheet piles were the nig®pular tye of crosssections. type
crosssection has onlpnetop flange andwo webs. Nippon steel had improved its technology related to
rolling and pile drivingIn 2005, the Hatype Sheet Pile 900 was manufactured and @gédataet al,
2008).Figure 4 compares the difference in sheet piling walls froatype and Hatype sheet pilesThe

major difference between the two types are the shape of the interlocks and moanthersare

conneted toform asheet pilingwall.

Neutral axis of each pile and that of interlocked wall are equivalent
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FIGURE 4: COMPARISON OF HAT-TYPE AND U-TYPE SHEET PILES (HARATAET AL , 2008)

Shape and Featuresf Hat-Type Sheet Pile 900
A hattype sheet piling crossection is relatively thin, with a large sectirarea. This makes it more
efficient for piledriving work because this section is more rigid thantgpé¢ sheet pile. Pile deformation

is restrained while the pile is beingwdm. A hattype sheet pile has better joint efficiency since the neutral



axisof a wall system is approximately in the middle of the es®Egionnot the joinés location unlike the
U-type sheet piling wall. This leads to higher structural reliablitsrataet al, 2008) Furthermore, the
hattype sheet pile reduces the numbiesheet piles per unit wall area, which helps shorten the construction

period and decrease the amount of steel,usesghown irFigure 4.

Pile-driving Methods

In general, there are two main methods to drive a sheet pile into the ground: vibratory ahé¢rod (or
Vibro-hammer method) and hydraulic jacking method ([Sgare 5). In the first method, the top of a sheet
pile is attached to a Vibrbammerwhich vibrates and pushes the sheet pile into the groundsd¢mnd
method uses the resistance toharawal of a sheet pilevhich has already driven into the ground to push
new sheet piles statically into the grounthis method is useful for lowibration and lev-noise

requiremerd (Harataet al, 2008).

Figureba: Vibratory Driving Method Figuresb: Hydraulic jacking Method

FIGURE 5: SHEET PILE DRIVING METHODS (HARATA ET AL , 2008)



Driving Performance withVibro-hammer Method

A driving test was conducted in Futtcu City, Chiba, Japan to corifatype Sheet Pile 900 driJ-wide-
type Sheet Pile performamcThe specimens had the same length of 12 mé&igise 6 shows the soil
profile at the site, driving e, and power of vibrator for driving these two sheet piling profiles. The
performance in terms of time and poweed for driven these two types of sheet piles are sienjlar.
However, the hatype profile has better sectional properties. ThereforeHttdype Sheet Pile 900 has

good driving performance with the Vibleammer metho@Harataet al, 2008).

Standard penetration test Driving time (min:sec) Power of Vibrator (MPa)
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FIGURE 6: FIELD TEST DATA FOR VIBRO-HAMMER METHOD (HARATAET AL , 2008)

Driving Performance withHydraulic Jacking Method

Another test was conducted in Kochi City usingrii&ter sheet pile§.he samawo-sheet piling profiles
were invesgated.In the test, the specimens were driven in straight and cafigreinentsof the wall, and
the test data, including the soil profile at the site, driving tame load of piling, is shown iFigure 7. The
resultsfrom this test show that the hat typesssection required higher driving time and load for driving.
However, because of its larger sectional area, it may be said that tiypel&8heet Pile 900 has good

driving performancéHarataet al, 2008).



Standard penetration test Driving time (min:sec) Load of Piling (kN)
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FIGURE 7: FIELD TEST DATA FOR HYDRAULIC JACKING METHOD (HARATA ET AL ., 2008)
Four Point Bending Test
A single pile and two piles jointed side by side were subjected to a bending test to investigate the flexural
resistage of the Hittype Sheet Pile 90(Harata et al., 2008)The test configuration and results are
illustratedin Figure 9. The Y-axis represents the applied load converted in terms of sheet pile width per
meterto compareboth types of specimens. Therizontal dasHines are the calculated load for the first
yield and thefull plastic loadbased on sectional propertiép to the yield point, the loadisplacement
curves are almost the sameadiseoreticakbstimation. However, the single pile specimen cannot teilgh
plastic because of local buckling, unlike the jointed piles. The jointed piles also show an equivalent
relationship to the single pile in the bending test. This concludes that thgpdaheet Pile 900 has joint

efficiency, as mentioned previouslyg this study(Harataet al, 2008).
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FIGURE 8: BENDING TEST RESULTS (HARATAET AL ., 2008)

Tensile Test of Joints

A joint of Hattype Sheet Pile 900 was tested to entlwedensile strength of the joi(idarataet al, 2008)

100-mm long test specimens were subjected to tensile loading until the steel ruptured or the joint separated.
The average maximum load exceeded 62.6vikNch the joint separated before the stesl huptured for

all the specimens. However, the tidmgest for Uwide-type sheet piling joints in the past showed the
maximum load of 50 kN. Therefore, the Hgpe Sheet Pile 900 has good joint strength comparable to the

U-wide-type sheet pil¢Harataet al., 2008).

Conclusion

A hattype sheet pile, suds the Hatype Sheet Pile 900, is a structural steel product that applies sheet pile
manufacturing technology and engineering applications. It has been proven that the sectional properties and
performares are comparable to the formetype sheet piles terms of driving performances, flexural
strength, and joint efficiency. Therefotattype sheet piles can be used and applied to all the same sheet
piling applicationswhich theconventionalJ-type can do with comparable or better performanceme

aspectgHarataet al, 2008).



2.3 Summary Excerpted from Report of Investigation and Test Program Related to Behavior of Steel Sheet

Piling Subjected to Hydrostatic Test Loadihtpartman R.J. and NedlA., 1992

Introduction

The testing program was conducted bydbbaborationof Hartman Engineering and the State University

of New York at Buffalo in 1992 to determine whether the currentaaldd steel sheet piling is structurally
equivalent totraditional hotrolled sheetpiling. Sheet piling crossections with equivalent structural
properties were testedigure 9 shows the drawings and sectional modulus of PZ27 and CZ144 sheet piles
tested.The coldform sections CZ114 has specified section modulus of 31.6 inches cubed per foot of the
wall, and the hetolled sections PZ27 has a value of 3ARhough both crossections havalmost the

same section modulusidth, depth, and widtto-thickness ratios are all different. Flexural behavior under

hydrostatic pressure was investigaeldrtman R.J. anteal J.A, 1992.

Pz227 CZ114
;-F A f_— \
i f \
'S'II W II}" '::::. P e ]
. / |\ o | f -
Cold-formed section Hot-rolled section
Section modulus = 30.2 in3 Section modulus = 31.6 in?

FIGURE 9: PZ27 AND CZ114 CROSSSECTIONS (HARTMAN R.J.AND NEAL J.A., 1992)

Test Setup and Test Bcedure

The specimens wer-feet long, restrained by steel wales at the midspan and both endsaded by
water pressureEach test assembly consistedtwb test piles, six enclosure piles, an interlock closure
system, a bladder, and a restraint feaithe piling test was set uptio layers withfour piles in each layer
to create a wall system. &hwo test specimens were in the middle of the upper [&etman R.J. and

Neal J.A, 1992. Figure 11 shows the test setup components.



FIGURE 10: FLEXURE TEST SETUP (HARTMAN R.J.AND NEAL J.A., 1992)

Water pressure was applied to the bladder slowerthepsi per minute to establish the static loading until
failure of thetest sheet piles. The watealve was turned off at the time pressuamd strain data were
recorded. Strain gauges were attacttedne of the two test specimens on the upper flanges, asths
lower flangesAfter each testensile coupons were cut fraitme specimen to determine the actual material

propertiegHartman R.J. and Neal J,A.999.

TestResults andDiscussion

In this project, there weithireesuccessful tests in total. The first successful test of a CZ114 specimen was
conducted in May 198 Before that, thereeretwo unsuccessful tests due to the failure of the bladder that
was not strong enough to resist the pres@daetman R.J. and NealAl, 1999. Afterwards, aest for PZ27

and a confirmation test for CZ114 were done.

The resuk showed that thepecimeis accelerated deformati@mccurred when the applied water pressure

reached 17.6 psi for CZ114 and 26.8 to 28 psi for the PZ27 section. The confirmation test gave the result



of 17.1 psi. The failure mechanism observed was web lergpfor both hotrolled and coleformed
specimensand the top flanges then deformed inelasticBHgrtman R.J. and Neal J,A1992. The

summary of the result is shownTable 1.

TABLE 1: TESTRESULTS (HARTMAN R.J.AND NEAL J.A., 1992)

Section | Yield Stress CalculatedYield Test Failure Failure
(ksi) Pressure Ratio
. Bending Applied (psi)

Moment Pressure

{k-in/ft) (psi)
CZ114 519 1641 21.2 17.6 0.83
5/30/91
LT 48.2 1456 18.8 26.8 1.42
CZ114 50.7 1603 2007 17.1 0.83
1/16/92

The data plottedn Figure 11 and Figure 12 indicatethat there were significant transverdeesses
(perpendicular to the longitudinal axis of the sheet pileglich in some cases are larger than the
longitudinal bending stresses. This point reinforces that analyses of sheet piles using combined stress
methods would be more accurate than thedsted beam theories used to predict the flexure behavior. A
deviatian from linearity in the curves indicates redistribution of stress and variation in the state of stresses
within the sheet piles. The plots for PZ27 show that the flanges yield, but tiemepean redistribute the

force to maintain the sectional strengthd shape. Howevesjmultaneouslythe flanges of the CzZ144
specimen still behadeelasticallybeforethe entire failure, and there is no load redistribuftéartman R.J.

and Neal J.A.1992.



. TEST OF 2114 SHEET PILE SECTION PRESSURE (vs1) TEST OF CZ114 SHEET PILE SECTION
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Figurel2a: Strain data at top flange Figure12b: Strain data at web
FIGURE 11: STRAIN DATA OF CZ114(HARTMAN R.J.AND NEAL J.A., 1992)
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Figure Ba: Strain data at top flange Figure Bb: Strain data at we
FIGURE 12: STRAIN DATA OF PZ27 (HARTMAN R.J.AND NEAL J.A., 1992)

Table 1 also shows the failure ratio of each tegtich was calculated by the ratio of water pressure at the
failure to first yield. The failure ratio indicates if the creggtion hadusedits full specified capacity-or

the crosssection tausethe full strength of steel, it must withstand the load up to the yield moment without
premature failure. The sectigmoperties of the PZ27 specimen with prior flange yielding were changed,
and this prevented the specinieam achievinghe theoretical masmum load(Hartman R.J. and Neal J,A.

1992.



Conclusion

The coldformed CZ114 sectiowasnot structurally egiwalent to the hotolled PZ27 sectigrthat is the
capacity of the CZ114 section was approximately 65 percent of the PZ27 s&btatifference in the
geometryof CZ114from PZ27affects the flexural capacity A better analysis technique to predstieet

piles' behaviorwas a combine longitudinal and transverse stress rather than a normal beam theory
(Hartman R.J. and Neal J,AL992. According toH a r t ntanclds®n, the design practice using only
section modulus was inadequate and must be imgra@idirectional loading, slenderness ratio, and more

factors should be considered.



2.4Investigation of the Effect of Transverse Loads on the Behaviorsbiappe Steel Sheet Piling
(Hartman R.J. and Neal J,AL997

Introduction

This project was catucted to evaluate the effect of transverse loadé-simape steel sheet piles' capacity
using stiffness approachebhe previoustest result indicated thahe hotrolled and coleformed sheet
piling with the same sectional modulugre not structurally guivalent(Hartman R.J. and Neal J,A.
1992).. There was an effect of transverse stresseatitatierated the first yield of the specimens until they
utilized their specified strength. This caused a problem for design ergjinesmaluatsheet pilings actual
capacity sine they used only regular beam theories, which wasalit for sheet piling subjected to soil

or water pressurHartman R.J. and Neal J,A9%).

The current phasietencedto establish a technically reliable and appropriatégietool for engineers in
practice. The tool resulted from this phase consistsvofsets of equations and graphs for sheet piling
adjacent to a wale or sheet piling in a span, which is more acduwriastill convenient for the design

process

Formulation of Design Tool

Generakoncepts involvethe calculation of loads and stresses perpendicular to the longitudinal axis of the
sheet pile. Then, the interaction between longitudinal and transverse stresses. Avatemdted to the
elastic behaviorfosteel, and traditional beam theonesreused to calculate deflections and stress within

the sheet pile.

1. Calculation of Transverse Loads and Stresses
Each sheet piling crosectionwas modeled as a combination of finite segmeiisluding a
straight lar of uniform section, straight bars withifamm section with a hinge at left or right end,
a circular bar of uniform section, and a straight with linearly varied thickimasginite segments

is shown inFigure 14

17



FIGURE 13: FINITE SEGMENT MODEL FOR SHEET PILING CROSSSECTION (HARTMAN R.J.AND NEAL J.A.,1997)

The stiffness matrix of a sheet pile sectiwasformed by a combination of various types of
segments outlied in the text by Tuma, 1988he degrees of freedom at each joamé two
orthogonal displacements and one rotation to account for both axidaackfdeformations. After
obtaining stiffness matrices of all individual segments, thesre subjected to mgular
transformation, thewerecombined to achieve the stiffness matrix of the sheet piling-sexson
(Hartman R.J. and Neal J,A.997. Figure 14 shows a finite segment model for AZ13 sheet piling

section and segment data.

AZ13 SHEET PILING

PHTSICAL SECTIDN

ALY MODEL

Figure Ba: Actual AZ13 Section versus Finite Segmermdé|



SEGMENT DATA

SEGMENT TYPE ROTAON |  STRAIGHT CIRCULAR SECTION 116:3: GOORDINATES
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Figure Bb: Finite Segment Data

FIGURE 14: FINITE SEGMENT MODEL AND DATA FOR AZ13 SECTION (HARTMAN R.J.AND NEAL J.A., 1997)

Intedocks between sheet pile sectiaveremodeled by a pin joint. However, transverse stresses in

the interlocks are not considered duatack of bending moment transfer through an interlock.

Two support conditions are analyzed: support for sheet piliagvateand support of sheet piling
within a span between wales.waleis abeam member that connetthe sheet piling wall in the
horizontal derectionThe analysis considers a system of 10 interlocked sheet piles to simulate a
wall system. Lateral restint isprovided at the edges of the sheet piling wall. Transverse stresses,
axial stresses, and bendingestsesverecalculatedased on a segment cresection one inch wide

and as thick as the actual sheet pile section at its loq&temtman R.J. ashNeal JA., 1997.



Failure Criterion
Evaluation of maximum shear stress at failure criterion with a safety factor for sheet piling is
expressed as the following equation:
fe 1 fer="fy/FS
where: feL is longitudinal principal stress
feris trarsverse principal stress
fy is yield stress of steel material

FS used in this report is 1.0/0.65 = 1.54

A safety factor was selected based on the typical allowable stress used in the industry during that
time, which is 0.65 times the yield stré¢btartman R.J. and Neal J.AL997. An interaction

graph for a sheet piling crosgction which relates applied pressure and available longitudinal
bending moment can be established by applying the formula alhowxample of interaction

curves for AA3 sedbns is demonstrated Figure 17.
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FIGURE 15: DESIGN INTERACTION CURVE FOR AZ13 SECTIONS (HARTMAN R.J.AND NEAL J.A.,1997)



Discussion

The study points that at zero pseire, the moment capacity of the crssstion is maximugwhich can be
computed by the yield stress times the section modtiog/ever,an increasen pressuraeduces the
capacityin applied pressure. The reduction in strength is plotteddsiopedlines according td=igure

15. Theline's slog on the graph is proportional to the maximum combined axial and bending transverse
stresse¢Hartman R.J. and Neal J,AL99/). However, the moment capacity the curves that tends to
zero needdto be further investigated.

The flexue capacity is a function of the dimensions of the esestion. Wider and deeper sections are
more vulnerable to experience the transverse bending moment. ingieaisding sength can be achieved
by increasing the thickness of flanges or an entiréseuasing higher strength steel, fillets at high flexure
strength locationrreducedesidual stresses from either cooling or cold formitmawever, for this study,
the mostimportantfactor that influencegshe moment capacitis the sectiomproperties of sheet piles

(Hartman R.J. and Neal J,A99).

Conclusions

Transverse stresses occur in sheet piling due to applied prassubgacing condition from the adjacent
sheet piles They prevent the middle pile from spreading apart under flexure loatiregmagnitude of
transverse stresses is sufficient to affect the use of sheet piles, ratlicteshe capacity of the cross

section. It isessentiafor future design spefitationsand research to account for this existence.

An analysis method and the corresponding design tool is developed and published in thispigijestrs
designing sheet piling structurelsouldinvolve transverse loading into consideration. The ti@vived in

this project had been recommended until a better method was established. Hartman also suggested that
research in thidield should be continued. Effects of Residual stresses, local buckling, inelastic stress
distribution, pile driving, anéxcavation and bracing consequenegsild be consideregHartman R.J. and

Neal J.A, 1997.



2.5Flexural Behavior, Web Crippling, and InteractminTransverse Stress and Bending
Moment in Coldformed Steel and Hablled Steel Sheet pilinGNBM Technologes, Inc, 2016

Introduction

This research was a former projectnductecby NBM in 2016. It provided structural comparisons of
JZ-120'XZ-95 coldformed sheet piling crossections and PZC 28ZC 18 hotrolled sheet piling cross
sectionsThese sections were selected for similar geometry and structural properties, but the difference in
the manufacturing processédso, the study applied high computational simulations including nonlinear
material properties, buckling instabilities, residsteésses, and variable wall thicknessBsese elements
helped in evaluatindlexural capacity, momesfrbtation responses, web crippling and yielding, and
transverse bending effects for the sheet piling sections outlined aiB& Technologies, In¢.2016).

The crosssectional views and properties are showRigure 16 andTable 2.

r 0.60 F K=1.05

55.75 | L 50.00 !

PZC-26 (Hot-rolled) PZC-18 (Hot-rolled)

16.47 1413
28° 0.38

53.00 1 I 50.00

JZ-120 (Cold-formed) XZ-95 (Cold-formed)

FIGURE 16: SECTIONAL DRAWING OF SHEET PILES (NBM TECHNOLOGIES, INC., 2016)
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TABLE 2: SHEET PILE SECTIONAL PROPERTIES (NBM TECHNOLOGIES, INC., 2016)

H w I/t S/t S/t Z/ft

Cross-sections Height Width Calculated Calculated Section modulus Calculated

Moment of Section per unit width Plastic
Inertia per unit  maodulus per in design modulus per

‘ width . unitwidth tables . unit width
in. ft in/ft in’/ft in’/ft in’/ft
JZ-120 (Cold-formed) 16.47 4417 395.2 48.0 48.5 58.1
XZ-95 (Cold-formed) 14.13 4167 238.0 337 335 394
PZC-26 (Hot-rolled) 17.70 4646 4282 48 4 48 4 579
PZC-18 (Hot-rolled) 15.25 4167 256.0 33.6 335 39.5

Flexural Response of Sheet Piling Crosgdions

Models are created using the commercial finite element program, ABAQUS. The effects of flexural
boundary conditions, thickness variability in the-hmited sections, end rotation constraints, and numerical
contacts and mesh in the interlocking cew aretaken into account to induce theodels' real flexure
Threedimensional (3DJnodels and conditions are presenteBigure 17. Thematerial properties used in

the models are based on an elaptdect-plastic. The elastic modulus is assumed to be 29000 ksi with

Poi ssonbés ratio of 0 . NBM Teehnotbgids,hne20i6). el d st r ess

6 elements
through thickness

6 elements
through thickness

ElementC3D8R

)’\ Element: C3D8R

Figure I7a: Finite element modenesh for J2120 (left) and PZ€26 (right), other are similar
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Figure I7b: End rotation constraints to induce flexure along the piling

Figure Irc: Interlocking regions

FIGURE 17: FINITE ELEMENT MODELS OF SHEET PILING SPECIMENS (NBM TECHNOLOGIES, INC., 2016)
The results of the flexuralsiulation include stress distributions under a specific end rotation and moment
rotation responses. The von Mises stress distributions for the specimens under 0.02 radiaosrare
in Figure 18. The 0.02 rdians correspond to the peak flexural strength of the piling-sestons. The
momentrotation curves for botbold-formed and hatolled sheet pilings are presented-igure 19. The
responses show thabth types of sheet piles maintain leeatrying abilities after their first yieJdvhich
allows them to reach their plastic moments. Besides, the difference irelleapacity between comparable

cold-formed and hetolled sheet piles is less than 58BM Technologies, In¢.2016.



FIGURE 18 STRESSDISTRIBUTION AT 0.02RADIANS OF BENDING (NBM TECHNOLOGIES, INC., 2016)
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Web Cripping Capacity of Sheet Piling Croesections

Simulated capacitiefisom this studyare compared to available desfgedictions according to AISB60-

10 Chapter Jand the web crippling bearing ledisplacement curves for differebearing lengths are
presented inthis sectionThe capacities calculated per AISC 3BD with the bearing length of 16 inches
are tabulatedth Table 3. JZ120 and XZ95 are coflidrmed, while PZC26 and PZCHse hotrolled. For
the simulated study, the required span length of the membgolensure the web crippling limit state for
simpleand fixed support conditions is shownTiable 4. A length of 100 inche is chosen for all pilings
based on thdata shown iffable 4. However for the llowing futureprojectsaminimum span length of

16 ft will be used.

TABLE 3: WEB YIELDING AND CRIPPLING CAPACITIES PER AISC 360-10(NBM TECHNOLOGIES, INC., 2016)

Outer

Flange Web  face to Bearing Yielding Crippling

thickness thickness egltiie?f length Middle Middle
Fm E t]F tw k f'b Rn Rn
ksi  ksi in. in. in. in. kip kip

JZ-120 50 29000 0.472 0472 0.472 16 867 1680
XZ-95 50 29000 0.3875 0.3875 0.3875 16 695 1033
PZC-26 50 29000 0.6 0.525 1.04 16 1113 1828
PzZC-18 50 29000 0.375 0.375 1.285 16 841 1061

TABLE 4: COMPUTED SPAN LENGTH TO | SOLATE WEB CRIPPLING LIMIT STATE (NBM TECHNOLOGIES, INC.,

2016)
Reduction Factors Simple Fix
Angle R M, Lo | L
deg. - kip kip-in. in in
JZ-120 32 0.85 735 12796 70 139
XZ-95 28 0.88 614 8217 54 107
PZC-26 39 0.78 865 13443 62 124

PZC-18 36 0.81 680 8229 48 97




The same models in tHilexural study are used, excepe boundary conditions and loading aredified
as demonstrated Figure 20. A point load is applied bsnoving a frictionless rigid bearing surface, and
the bearing width is varied. The mesh dimensioaglacreased to ensure the accurate simulation of high

local web curvature and plasticity during the fail(8M Technologies, Ing.

Lateral support,

Baaring Langth
Ux=0 Ux=Uy=Uz=0,
/
R

Ux=Uy=0, Ll '\

Rx=0 .
Applied Rigid surface
displacement, Uy

Figure20a: Modified boundary conditions

Figure20b: Loading element and model meshing
FIGURE 20: MODEL FOR WEB CRIPPLING LIMIT STATE (NBM TECHNOLOGIES, INC., 2016)
The stress distribution results at 0.9 inches displacement n§itiesurface resulting in the collapse of all
sheet pilings are presenteddigure 21. The webs adjacent to the bearing region \splgagto the bottom

flanges as local and longitudinal bending stresses. As far as thdigpdacement response is concerned,



there is an increasing trend in capacity vigaring length. Most profiles hawstrength degradation after

the peak loadaccording td-igure 22 (NBM Technologies, In¢.201§.

JZ-120 (/,=8 inches) PZC-26 (/,=8 inches)

FIGURE 21: WEB CRIPPLING STRESSDISTRIBUTIONS NEAR PEAK LOAD (NBM TECHNOLOGIES, INC., 2016)
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FIGURE 22: WEB CRIPPLING L OAD-DISPLACEMENT RESPONSES(NBM TECHNOLOGIES, INC., 2016)

Table 5 summarizes the companis between thaveb-crippling capacities per AISC 361D and the
simulation. A reduction factor calculated from the inclination of the webs is considet##d 5 shows that
the design capacities per AISC estite the web crippling and yielding well for short bearing lengths below

fourinches. However, the capde are up to 1.5 times higher than the numbers achieved from the study.



Additionally, there are minimal differences in bearing strength betweerohed and coleformed sheet

piling profiles NBM Technologies, In¢.201§.

TABLE 5: COMPARISON OF THE CAPACITY PER AISC 360-10AND FROM THE STUDY (NBM TECHNOLOGIES, INC.,

2016)
Cross- Analysis-to-
F ! n R b
sections yw k b d w n Abaqus Predicted ratio
ksi in. in. in. - kips kips

JZ-120 50 0.472 4 16.47 2 255 270 1.06
XZ-95 50 0.3875 4 18.67 2 203 200 0.98
PZC-26 50 0.6 4 17.7 2 286 297 1.04
PZC-18 50 0.375 4 16.47 2 178 166 0.93
JZ-120 50 0.472 8 16.47 2 415 320 0.77
XZ-95 50 0.3875 8 18.67 2 340 250 0.74
PZC-26 50 0.6 8 17.7 2 449 347 0.77
PZC-18 50 0.375 8 16.47 2 300 200 0.67
JZ-120 50 0.472 12 16.47 2 575 356 0.62
XZ-95 50 0.3875 12 18.67 2 477 284 0.60
PZC-26 50 0.6 12 17.7 2 612 387 0.63
PZC-18 50 0.375 12 16.47 2 421 228 0.54
JZ-120 50 0.472 16 16.47 2 735 408 0.56
XZ-95 50 0.3875 16 18.67 2 614 325 0.53
PZC-26 50 0.6 16 17.7 2 775 421 0.54
PZC-18 50 0.375 16 16.47 2 542 257 0.47

Interaction of Transverse Stresses@Bending Moment in Sheet Piling

In thereality, when sheet piles ansedas a wall system to retain soil or water, there is pressure applying
perpendicular to the piling profile. A combination of transverse and flexural stresses can decrease the
capacityof the sheet pile. In this study, 3D mimear and finite element analyses are used to create
interaction curves for the same cdtdmed and hetolled crosssections as introduced at the beginning of

this research.

Effect of transverse stresses on sliaig and fullscale testing of sheptles under hydrostatic loading
wasvery first reported byHartman R.J. and Neal J.&1992 and 1997). Itheirstudy, there werfve pairs
of the piling crosssections with lateral restraints at both the top aritbboof the webs. The profiles tested

by Hartman R.J. and Neal J.ere different from those ithis studyin 2016 but each sheet piling pair in



1997 also had the same structural characteristics for the same objective. The bending moment data from

the st was used to determine the transeestress using the following equation:
¢ Qs QYOY
where sQsandsQsare the absolute values of longitudinal and transverse stresses
"Qis the yield stress
FS is the factor of safety, assigned to te6b

Hartman R.J. and Neal J.8tatedthat the seiction of the factor of safetg based othe allowable stress
of 0.65, which igypically used for steel sheet pilimlyiring that timgHartman R.J. and Neal J,A.997)
Then, by substituting with My/I, interaction curves fongitudinal bending capég and pressure can be

obtained agigure 23.
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FIGURE 23: INTERACTION CURVES FORHOT-ROLLED PZ27 AND COLD-FORMED CZ114RD PROFILES

(HARTMAN R.J.AND NEAL J.A., 1997)



In the study by NBM (2016}he two-dimensional 2D)-frame plastic hinge model is used to predict the
results.Then, the same finite elemanbdels used in the previous sections are applied hydrostatic pressure
perpendicular to the profiles. Lengths of the@mens are varied from 100 to 400 inches with 50 inches
increase for each tegtigure 24 demonstrates the von Mises stress distribution of one of thesgossens

at different piling lengths under press. The results show that when the length is short transsteesses
cause plastic hinges alomgth the folded corners, but this effect is minimal when the length is increased

(NBM Technologies, Inc., 206

FIGURE 24: EXAMPLE OF VON MISES STRESS FROM HYDROSTATIC PRESSURE NEARPEAK L OAD FOR DIFFERENT
SPAN LENGTHS (NBM TECHNOLOGIES, INC., 2016)

Thelongitudinal moment relationshipith the applied hydrostatic pressdoe PZG 18 can be plotted in

Figure 25. The interaction line is the backbone of all results, where the plastic moment and the yield
moment are computed from the cresstional propertieAll the profileswitness a degradation tfie

longitudinal monent capacity versus the pressuriee curves showhat the effect of transverse stress can

be neglected for low pressure (j.less than 20 psi)his effect howeverneed to be considered under

higher pressured he results also iist that the curverte nds are consistent with |
the interaction diagram. Nevertheless, the 2D longitudinal and transverse stresses in design limits are very
conservative compared to the full 3D plastic capacity. The interaction sigfameas sensitivie thickness

variations of coleformed and hetolled profiles as predicted by the 2D methbidM Technologies, Ing.

2016.
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FIGURE 25: PRESSUREMOMENT INTERACTION CURVE FOR PZC-18(NBM TECHNOLOGIES, INC., 2016)

Effect of Residual Stresses on the Flexural CapacifyGold-formed Sheet Piling

Residual stresses are formed during the coldfoothing process resulting in initial stress states before
loading starts. In this studthe stresses are calculated by divigthe sheet piling profiles into flat and
corner partsThen, initial residual stresses are applied depending on eachlpartomputed results,
including longitudinal and transverse stresses, and effective plaatitsstor coldformed XZ95 and JZ

120 are presented Figure 26 andFigure 27.

The models of the coltbrmed profiles are applied a hydrostatic pressure sittaltre previous analyses,
but residual stresses and strains are also included. These effectsshrahpiés' capacityare quantified
using the interaction curves shownHigure 28. The results demonstrate the maximum differerice®o

in value; the capacity of XB5 increases, but the capacity of1J20 decrease. As a result, the impact of
residual stresses depends amdhosssectional properties, but this effect is still small and neglighkiy

Technologies, In¢2016).

There are also residual stresses ftbahot-rolling processThe sheet piling thickness is relatively thinner
and more consistetttanthe typcal W-shapein which the connections between the web and flanges cause
a differentcooling ratefrom the outerand interior partlt is then assumed that the residual stresses have

minimal effect on the flexural behavior.
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2016)
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FIGURE 28: EFFECT OF RESIDUAL STRESSES ONCOLD-FORMED XZ-95AND JZ-120(NBM TECHNOLOGIES, INC.,
2016)

Conclusions

Threedimensionafinite element simulations were conducted to investigate the flexural and web crippling
load-deformation respaes of coldformed and hetolled sheet pilingsThere are fousheet pilingcross
sectionsstudied JZ-120 and XZ-95 coldformedcrosssections, and PZ26 andPZG-18 hot-rolled cross
sections.The results indicate that bothpes of sheet piles with sifair section properties have similar

flexural and web crippling characteristi®dBM Technologies, In¢.2016).

Some important points taken for developing the followesparcHor the sameheet pilingcrosssections
are the equivalent strength of gieilar hotrolled and coleformed crosssections, the minimum clear span
length to isolate the wetrippling failure mode, and the interaction of transverse and bending stresses

showing lower flexure strengthf the sheet piles compared to the sheespilth only flexual loading.



2.6 Experiments on Flexural Behavior of Cdlsrmed and Hotolled Stel Sheet Pilings

Phase I: Foupoint BendingTests(NBM Technologies, In¢.2017)

Introduction

This sheepiling project waexactly beforéhe Phasé project reported in this document. It was conducted

by NBM and Lehigh University to evaluate four shp#ing crosssections demonstrated Figure 16.

Two of them were produced by the hotled approah, while the others were from the cdtamed mil.
Hot-rolled sections are produced from reheated steel drawn over a series of forming rolls to final shape.
Cold-formedsections are produced from finished-holled steel coil that is shaped arcoldforming mill

(NBM Technologies, In¢.2016).

The project was designed to make a direct comparison between the flexural behavior of thectimss
produced from the tvapproaches with the same madi(NBM Technologies, In¢.2017). Each of the
hotrolled crosssections has its pair cefdrmed profile from with the same modig) as shown ifmable

2. The experiment reported the failure mechanism, ultimate flexural capacity, moment rotation behavior,
and longitudinal and transverse strain distributioNBM Technologies, In¢.2017). The four-point

bending method was used to investigate the flexural behavior§i@ee 29).
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FIGURE 29: FOUR-POINT BENDING TEST SETUP (NBM TECHNOLOGIES, INC., 2017)

There are four sheet piling cressctions studied: 3220 and XZ95 coldformed crosssections, and PZC

26 and PZEL8 hotrolled crosssectionsThree specimens of each cs@&®ction (a total of 12 specimens)
were testedSeeTable 6). The span length from the centerline of the two supports is 16 ft, and the total
length of each specimen is 20 ft. The maximum crosshead foramigatated based on the nominal plastic

moment to be 500 kips, and this was used to design the test setup compéB&hiBechnologies, Ing.

2017).

TABLE 6: TESTMATRIX (NBM TECHNOLOGIES, INC.,2017)

Type | Cross | Nominal | Mp | Width a L* P R=P/2 No. of
sections| Fy (ksi) (k- (ft) (in) | (in) | Crosshead| Reaction| Specimens
in/ft) (kip)
Cold | JZ120 50 2907 | 4417 | 60 | 192 428 214 3
formed| XZ95 50 1972 | 4.167 | 60 192 274 137 3
Hot- PZC26 50 2894 | 4.646| 60 | 192 448 224 3
rolled | PZC18 50 1975 | 4167 | 60 | 192 274 137 3




Specimen Design

The reaction demands each cresstionare calculated based on the f@a@int bending test configuration
shownin Table 7. The simulation by NBM in 2016 providatie nominal web crippling capacity. The
estimated strength was multiplied by a strength reduction factor of 0.75 per AlISKD @8ihg 60 ksi yield
strength(NBM Technologies, In¢.2017). The table suggests that the reaction demands are less than the

web crippling capacity.

TABLE 7: SPECIMEN WEB CRIPPLING CAPACITY (NBM TECHNOLOGIES, INC., 2017)

Type Cross | Nominal Mp Width a L* R=P/2 Estimated Web
sections| Fy (ksi) | (k-in/ft) (ft) (in) | (in) | Reaction | cripping capacity for
brain g | e n dkiph
Cold- JZ120 50 2907 | 4417 | 60 | 192 | 214< 306
formed | XZ95 50 1972 | 4167 | 60 | 192 | 137< 244
Hot- PZC26 50 2894 | 4.646 | 60 | 192 | 224< 316
rolled | PZC18 50 1975 | 4.167 | 60 | 192 | 137< 193

Table 8 shows theshear capacity of the specimens calculated per AISClB6Ebmpared to the shear

demandat the plastic moments, which is adequate.

TABLE 8: SPECIMEN SHEAR CAPACITY (NBM TECHNOLOGIES, INC., 2017)

Type Cross Nominal Web Web Web R=P/2 | Estimated
sections Fy (ksi) | Height, H | Thinkness angle Reaction Shear

(in) tw (in) (deg) Strength

per AISC
Cold- JZ120 50 16.47 0.47 32 214 < 295
formed XZ95 50 14.13 0.38 28 137 < 213
Hot- PZC26 50 17.7 0.53 39 224 < 328
rolled PzZC18 50 15.25 0.38 36 137 < 211

The specimens were bolted with fodinthdiameter bolts to an end bearing plate at each support to prevent

end rolling and the lateral spreading of the specinamshiown inTable 9. However the bolts were resized

toll1/ 40

due

t o

overstrengt {NBMmTaechmoldgibselng20i®.ci f i ed

i e



TABLE 9: SPECIMEN CONNECTING BOLT DESIGN (NBM TECHNOLOGIES, INC., 2017)

Type | Cross R=P/2 Web | No. of Bolt Bolt Fuv Horiz. Shear
sections| Reaction| angle | Bolts | Diameter | Type | (ksi) | Demand| Strength
(deg) (in) (kip) (kip)
Cold | JZ120 214 32 2 1.0 A490 84 67 < 99
formed | XZ95 137 28 2 1.0 A490 84 36 < 99
Hot- PZC26 224 39 2 1.0 A490 84 91 < 99
rolled | PZC18 137 36 2 1.0 A490 84 50 < 99

Test Setup Design

The overall view of the test setup is demonstratdeigare 30. A spreader beam was used to transfer the
crosshead force to the loading rollerste third location to create the fepoint bending condition. The

lateral support geometry was designeg@ravide lateral bracing to the specimens while they were able to
displace down. It consists of 3 parts: base plate, vertical posts, andadisleown inFigure 31. Teflon

sheets were attached between the moving parts to reduce friction. Four of the lateral supports were used at

two sides of the third location.
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FIGURE 30: TEST SETUP FOR PHASE | PROJECT (NBM TECHNOLOGIES, INC., 2017)
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Instrumentation Plan

According to the report from NBM19 string potentiometers were iaéd to measure vertical and

transverse displacements at thiglspan, the loading points, and the end displacements in the longitudinal

direction according td-igure 32. Sixteenstraingaugesvere instakd at the midspan at both sides of the

specimens to measure local strains in both longitudinal and transverse diraststrmsvn ifFigure 33.
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FIGURE 32: STRING POTENTIOMETER LAYOUT (NBM, 2017)
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Experimental Results
1. Material Testing

Tensile coupon tests were conducted to obtain actual yield strength, ultimate strength, and elongation
of each specimen. Tlaverage othe results fron3 tensile couposiof each crossection is calculad

in Table 10.



TABLE 10: TENSILE COUPON RESULT (NBM TECHNOLOGIES, INC., 2017)

Type Crosssections 0.2% Offset Ultimate Elongation in 2
Yield Strength Tensile inch (%)
(ksi) Strength (ksi)
Cold-formed JZ120 62.0 75.3 35.3
XZ95 59.8 74.5 38.0
Hot-rolled PZC26 52.5 65.7 42.3
PZC18 51.3 64.3 44.7

2. Loaddefamation Response

Figure 34 shows the loadleformation response at mapan for each testhis figure indicates that
results for eachype of sheet piling crossections are consistein.some curves, suéd drofs resulted

from the failure of a bolt at the end bearing plates from the first few tests, but this problem was solved
by the pretension of the bolted connection for the latestgelransverse deformation occurred at the
specimens' interlocklue toflange local buckling, but there was no interlock separaffdBM

Technologies, In¢2017).

800 ¢ JZ-120 600 ¢ XE-95
500 | 500 |
400 | 400 |
B B
= 300 < 300
o o -
¥
200 | 200 | )
JZ- 1Tt XZ-05-Teat-1
100 + B A T X g 100 + T o
. s JEA70-Tont-3 / s - Tont-3

0 0.5 1 1.5 2 2.5 3 a5 0 0.5 1 1.5 2 2.5 3 3.5

Daflaction at mid-span (in) Daflectian at mid-span (i)
500 | PZC-26 500 | PZC-18
500 |
400 |
g
= 300
o
200 ¢
PEC-1H:Tasi-1
100 - RRG--Ten
o PEC-TH-Tant-3
z 0
0 0.5 1 1.5 2 2.5 3 a5 0 0.5 1 1.5 i 2.5 3 3.5
Deflection at mid-span (in) Deflection at mid-span (in)

FIGURE 34: LOAD-DEFORMATION RESPONSE(NBM, 2017)



3. Momentdeformation and/omentrotationResponse

Momentdeflection responsesre pbtted inFigure 35. All crosssections achieve the yield moment,
whereas the cortbrmed JZ120 and the hetolled PZG26 crosssections reach their plastic moment

(NBM Technologies, In¢.2017).
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FIGURE 35: MOMENT VS DEFLECTION AT MIDSPAN (NBM TECHNOLOGIES, INC., 2017)

Momentrotation responses are shownrFigure 36. The curves represent less local deformation effects
and émonstrate general flexural behavior more clealBNI Technologies, In¢.2017). Bending
moments at midspan is normalized wigach specimen's corresponding yield strertgthmake the
comparison more meaningfiNBM Technologies, In¢.2017) End rdations are calculated as the average

of both ends of the specimens.
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Comparison of Coleformed and Hotrolled Sheet Piling
1. General Behawr and Flexural Performance

Figure 37 andFigure 38 show a direct comparison between the dolined and hetolled cross

sections. The plots are createdctampare the crossections with the same mods| however, the
moments of inertia are different. Therefore, the deflections at midspan need to be scaled to the moment
of inertia of the crossections to make theomparison more reasonablBM Technologes, Inc,
2017).The comparison of normalized moments and scaled end rotatiéigume 38 shows that all
equivalent shegpiling crosssectionsmatch well because end rotation is free from ceeExgian

distortion NBM Technologies, In¢.2017).
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2. LocallLongitudinal and Transverse Strains

To investigate the relationship between local longitudinal and transverse strains, two groups of
stran gauges were attached to the specinmasorded strains are normalized by the yield strains
obtained from the tensilcoupon testsigure 39 demonstrates the relationship between the yield
bending momeistand the maximum longitudinal strain on the top flange. The results showed that
the longitudinal strain demand is less than tla¢emal elongation limit shown ihable 10.

According toFigure 40, both types of sheet piling croesections experienced high strains about

two times the yield strains at the midspan. The oppasifes of the front and back strain gages



indicate transverdeending stress on theeapmensNBM Technologies, In¢2017). The study by
NBM (2016) showed that transverse stresses and plastic strains start to affect flexural capacity only
when transverse demand is high enough to make the steelpfafific through its thickness.
Therdore, localized transverse stresses with magnitudes near the yield strength that occur from the

tests do not affect flexural capacity in the combined stress biBtd Technologies, In¢.2017).
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Conclusions

Fourpoint bending tests were conducted to investigatdéiaral performance dbur sheet piling cross
sections produced from hatlled and coldformed methods. According to the NEBMseport (2017),
flexural loaddeformation response was consistentMeen coldformed and hetolled crosssections.
Transversestresses higher than the yield stress have a localized influence on the longitudinal flexural
capacity. Interlock at the middle of the cr@sstions was consistent between both types of the gitest

with minimal separation observed before yielding faitlire. This experimental program indicates that
hotrolled and coldformed sheet pilings have equivalent longitudinal flexural capacity when section and

material properties are consist¢NBM Technologies, In¢c2017)



CHAPTERS3: Experimental Tegtg Methods

Theexperimenexplorel the failure mechanism, flexural strength, moreeflectionresponse of theame

sheet pilinggested byNBM Technologies, Indn 2016 and 201 Figure 16 andTable 2 show four cross
sectional drawings and their structural properties. The strength is typically divided by the width of the cross
sections to obia the sectional properties per unit fadta sheet piling wall. As shown Fable 2, the JZ

120, and PZ26, profiles have comparable modsibroperties, as do the X245 and PZEL8 profiles.
However, the yield stresses of the specimens are differentefdher data from the tests needed to be
normalized by their corresponding propertiBise comparison will be used to investigate the influence of

hotrolled and coleformed production methods on the crsggtions with equivalent sectional modulus.

The design of the specimen and the test setup aimed to simulate the actual behasgiweetf @iling wall.
Previous other projects reviewed in Chapter 2 and the studies on the same sheet pilBertorsswere

used as guidelines for designing the test camepts NBM Technologies, In¢.2016 and 2017). The test
setup needed to control tepecimen to behave under flexure without any other limit states, such as shear
failure of the specimen and the bolts, before reaching the maximum moment capacity. Afsmmems

of the test setup needed to provide a simple beam condition, a unifostnlguted load, and stability.

3.1 Test Parameters

In this project the following parameters were investigated:

0 Hydraulic ram dad
The load data was obtained from firessue sensor connected to thedraulic ramThe
applied load from hydraulic ramsastransferred to be uniformly distributed pressure in
the air bladder through the spreader frame

0 Air bladder pressure
Pressure itheair bladder hd a direct relationshiptthe applied load on a specimé&he

pressuregenerated uniform loadingerpendicular to the surface of the sheet piling

48



specimes.Forthe purposedof he di scussi on i n t hhorgontalhesi s,
pressure componenon the webs of thaheet pilingcrosssection which causethe cross

section to closer causes the webs tleformtoward each otharnder he load

0 Deflection
Vertical and lateral deflectianwere causedy the load from the air bladdemeasured
directly from string potentimeters

0 Flexural strength

Flexural strength is function ofmaterial propertgnd geometry. It idefined as thetress
in thematerial just before iieldsin a flexure testThis parameter can be calculated from
bending momenbbtained by structurahnalysisgiven the sectional properties of the
specimen The equation used for calculation of the flexural strength, as wéléading

stress at a given moment is:

hl
"y
Where: . Iis flexural stress
M is the moment at the point of interest
S is the sectional modulus of the specimen
This equation can be used together with the structural analysis of teettgsto estimate
the peak load of each specimen that will occur during the test.
1 Maximum capacity
The maximum capacity of apecmenwas calculated by the maximum ram laglderea

crosssection was fully yielded or wheedoad-deformation curve became horizontal.



0 Longitudinal transverseand axiaktrains(or stresses
In this thesis, therera three types of strains causedthg applied load from the air bladder
and therestrained conditionasdemonstrated ifrigure 41 Thethreetypes of straininclude
longitudinal bendingstrains(or longitudinal strains)axial strains, and transverbending
strains From the diagramhe longitudinal strainaremainly caused by bending diie entire
crosssectionunder flexureas shown irrigure 41a. The axial srainsin Figure 41b arecreated
by thepressure componerttsat appliechxially on each of the flanges or webdludspecima
against the restrained conditionshich could be @earing plate dr support) the middle
interlock,or a lateral bracing that preved the crossection from spreading apafinally, in
Figure 41c the transverse bending strains arainly caused byhe bending of the individual
webs or flangesinder the pressure perpendicular to their surfaddete that the direction of
axial strains or transverse bending strains varies by the local axis of ¢aelilafiges or webs,

but it is always perpendiculéw their local longitudinal axis.
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FIGURE 41: THREE DIFFERENT TYPES OF STRAINS ON A SHEET PILING



Thetotal strain in the direction perpendicular to the locaiditudinal axis of eacbf the webs

or flangess acombinationof the axial strains andhé¢ transversbending straing-or the ease

of the discussiorn this thesisthis combinationof strainswi | | be called Atran:

To directlymeasurehe strains in the longitudinal and transverse directions dthengpsttwo

strain gauges were attachiecboth directions at each locatioThe instrumentation plamre

presented in Chapter43

I Span Length

The s@n lergthis an important pameter that helpinvestigate the effect of lateral loading
on the sheet piling spemens According tothe structural analysis of theimple beam
when the pan length increases, the load required toioltkee same amount aioment of
the shorter spadecreaseddowever,sincethe sheet piling wereloaded with a uniform
pressure from the air bladdex,decrease in the total awnt of load also reduced the
amount of thelateral loading componentn the spcimens Figure 42 shows the

configurations from the variatiorf the span lengths.

40 PSI
SHORT SPAN ‘ ‘

(16 FT) A res

MORE LATERAL LOADING
MAX MOMENT = M1

30PSI
LONG SPAN '
(25 FT) A ' SET ’ .

- LESS LATERAL LOADING
- MAX MOMENT = M2

FIGURE 42: DIFFERENT SPAN LENGTH CONFIGURATION

For a typical beam, without lateral loading, tiference in the load on the speanlead

to the same amount of moment (M1=MBpowever, forthe sheet pilingspecimens



loaded under pressure, the rmaxm moment obtained were not equal {WI2) due to

thedifferentamount of lateral loading.

3.2 Specimen Design

To control the specimens to fail under the flexural mode, a few more mechanisms, includicrgopiaty,

shear, lateral spreading of the specimeree controlled. First, thelear span lengthsf 16ft, 25ft, and

35ft will be usedo prevent the webrippling failure, which would occur under the span length of under

12 ft, according to the simulation study from NBM (2018&cond, NBM (2017) calculatetie shear
capacities of the specimens. The results confirmed that shear failure would not occur dvafoeéofi the

shortest span length of 16 fthird, theb ol t s6 act ual shear strength at
NBM (2017) was higher thathe calculatedvalues due to the overstrength of steel mateFiaib resulted

i n a bol tassdden droplindoadfronathedslippage of the bolted conneatiarbearing platie

the first shakedown test of a PZB specimen. Therefore, lardaégh strength A490 boltaereinstalled

at the bearing plate ofieh The size of the bolts was chandesm 1 inchto 1-1/4 inch, and the bolts were
pretensioned for the later tests to resolve the proljiéBiM, 2017) This size of the bolts was used ifisth

project at Virginia Tech. Finally, sheet piles are loaded witessure from soil or water in the actual
application. Therefore, the use of an air bladder to apply uniformly distributed pressure on the specimens
was introduced. The study by NBM (201@@provided the target load and pressure at the yield moment

of a sheet piling crossection. These numbers were used as a guideline and expected target in the

experiment to confirm the results from the simulations.

As mentioned previously, there are faupsssections tested in this projedZ120 and XZ95 are cold
formedwith a specifiled yield strength of 50 k§ZC26 and PZC26 are hailled with a specified value
of 60ksi. The crosssectionsare the same profiles used in the previous proj&B$/ Technologies, In¢.

2016 and 2017)The sectioal drawings ad properties arehown inFigure 16 andTable 2.



Table 11 shows the test matriXhe tests included three different span lengths and the foursossns.

A different span length causedvariedtotal amount of lod on the specimemhis helped imestigate the

effect of diferent transverse stress to the longitudinal stress m@atitise flexural capacityrhe 16ft 32120
specimens on this project were used for comparing witfotlrepoint bendingestresultin 2016. The 35

ft long specimens were used in the comparison between thelkeat and coldformed sheet pilingg-or

each of the test configuration, there were a total of three specimens. All of them had displacement sensors
installed, while one out of théree has strain ggas attached he instrumentation plan will be discussed

later in thischapter.



TABLE 11: TEST MATRIX

Type

Cross
section

Span
Length

Specimen
No.

Specimen
Name

Remark

Cold
formed

JZ120

16

JZ12616-1

JZ12616-2

JZ12616-3

StrainGauged

35

JZ12251

JZ12625-2

JZ12625-3

XZ95

25

XZ9525-1

XZ9525-2

StrainGauged

XZ9525-3

35

XZ9535-1

StrainGauged

XZ9535-2

XZ9535-3

Hot-rolled

PZC26

35

PZC2&51

PZC2&35-2

StrainGauged

PZC2&35-3

PZC18

35

PZC1851

PZC185-2

WINFPIWINIPWINIPWNIPFPIWINIEFPWIN[PF

PzC1853 StrainGauged

3.3 Test Setup

The sheet piling flexural testas designed as a simple bearhespecimens were loadedth a hydraulic
ram through a spreader frame and an air bladgdemidspan to applyertical and lateral loading
simultaneously according feigure 43a. The side and front elevatioviews are shown iRigure 43b and
Figure 43c. The span lengtlariedfrom 16ft, 25ft, and 35 ft to investigate tlengitudinattransverse
st r e s dliffereace Eaohssg@ecimewaslaterally braced dbur locationswhich are 4ft apartfrom the
midspan orboth sids and both supporte prevent the crossection from spreading apa@D and 3D
views of the setup are illustratén Figure 43. The componentsf the setup consistl of a sheet piling
specimeniwo load framebeams at the bottormwo supporing beamstwo roller supportsiwo bearing

plates bolted tthe specimertwo lateral bracingto the specimeat both ends of the loading regj@n air



bladder, a buitup spreader frameawo vertical rollers,a hydraulic loading ram, crosshead beams, and

columns.

8 FT

HYDRAULIC RAM

SPEADER FRAME

VERTICAL ROLLER

AIR BLADDER

LATERAL BRACING

SHEET PILING
SPECIMEN

BEARING PLATE
ROLLER SUPPORT

VIRGINIA TECH.

Figure43a: 3D View of Test Setup



Figure43b: SideElevation View of Test Setup
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Figure43c: FrontElevation View of Test Setup

FIGURE 43: TEST SETUP VIEWS




Figure 44 shows the actual boundary conditions of a shéieigpivall. The boundary conditions consist of
restrainedateral (xais)and longitudina(z-axis)displacemers andrestrainedotatiors alongthe vertical
(y-axis)at the edges of the cressctions from the adjacent shedingis. However, there is a challenge to
continuously brace the specimen to perform a laboratory test for theseptimgetrosssections.
Therefore, four discrete locations, including two bearing plates and two lateral bracings are attached to the
specimen inorder to brace the specimens laterdllisplacement sensors were installed to at the bracing
locationsto measure the vertical and horizontal deflection to examine the difference between the real

bracing condition and the one performed in the fatwoy.

2

Soil/water
Pressure

=0, U0, U,=0,
©,#20,0,=0,0,%0

FIGURE 44: ACTUAL BOUNDARY CONDITION OF SHEET PILING
Lateral supports providing lateral stiffness were made of two double angles 2L4x4x3/8. The required axial
strength of the angl es waesal canpppnerwsXronmibet ag bdladder. ohen t h e
l ater al bracingsé | ocations were at 4 ft from the
The loading region was between the lateral bracings. Each bracing angle was attached to thehgdtom fla
of the specimen using four 42ch heavyduty clamps as shown Figure 45to ensure that the specimen
would develop transverse stresséls.e ¢l ampés di mensi on and specifica

Each clamp has a slipping resistance of 20,000 s use ofour big clampsat a bracing locatioprovided



sufficient slipping resistance from the axial force and provides enough resichg@aterlock at the cross

sectionsd edgeeslateralsupportlisslmantiFiguwer6. of t h

E A

2 G0 1
QR r’Q&{ :

FIGURE 45: 12-INCH HEAVY DUTY CLAMPS

FIGURE 46: 3D VIEWS OF LATERAL SUPPORTS

However, after a few tests,dltlamps started to bend and fatigue due to several loading and unloading
sequences. As a resultettest data for 2& PZC18 were unusable and not included in the test matrix. Later
for 35t span lengths, four-ih bolted connections were used instemd¢onnect the bracing angles with

the specimen, and the problem was solved.



The spreader frame trsfierred the point load from the hydraulic loading ram to applied pressure on the
specimen through the air bladder. The frame was permanently attachechio thea threaded rod tapped

to a plate. The plate was bolted to the top of the spreader franaegalhe frame to the ram. This setup
makes it easier to replace a new specimen after each test. Hotte@marts shown ifrigure 47 were

bolted to both sides of the spreader frame to provide stability. The rollers were free to move vertically on
the column webs, but they were restrained from moving laterally. All of tkesse the spreader frame

centered dring the testFigure 48 shows the components of the spreader frame.

FIGURE 47: HILMAN ROLLER PARTS



FIGURE 48 SPREADER FRAME COMPONENTS

An air bladderwas a vital componentised for applying uniformed pressure to the specimika.cross

sectional drawing of the air bladderdemonstrated ifrigure 49. The dimensions of the bladder was

desigred to fitthe dimensions of the JZ120 profleo wever , because of the bl ad
used for other crossections as wellThe resultfrom thisusewill be discussed more in ChapterThe

bladdermwas fabicated fromanylon reinforced coated fabriand it was designed to withstand pressure up

to 100 psiHowever, after the first couple of tests, the air bladder had some lestkagint. Thus, a new

stringerair bladder was fabricated using Kavlar metien heatresistant and strong fiber with high tensile

strength The bladdehad two sensor ports for a pressure transducer to measure the pressure inside and a
pressure hose to input air pressure. Tthveenthei r bl a

spreader frame and a sheet piling specimen as demonstr&igdria 50.
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FIGURE 49: AIR BLADDER CROSSSECTION

FIGURE 50: AIR BLADDER ASSEMBLY

There were two methods to increase the load on the specimen. The main approach was to increase air
bladder pressure by adding more air into it using a pressure hose and a valve. This caused the bladder to
expand, pushing the specimen to bend dowrpasting the hydraulic ram up to increase the load. The air

pressure was controlled by the recorded pressure from a pressure transducer. The other loading approach

was to move the hydraulic ram down. The ram was controlled by an Enerpac pump with decomtel



force added from moving the ram was monitored by another pressure tranddoiedetails on the

Enerpac ram is shown in Appendix E.

3.4 Specimen Instrumentation

A total of 15 String potentiometers and 1@&Bstgaugesvereinstalled to measure specimen deformation
as shown irFigure 51a andFigure 51c. Therewerefive string potentiometers to measure the lateral and
vertical deflections in a crossection: two for each of the bottom flanges, and the other for vertical
deflection at the enter of the crossectionas shown irFigure 51a andFigure 51b. Threelocatiors of
string potentiometensereat the midspan, ansvo ends of the air bladder. Strain gaugeseattached at

the mdspanfor one specimen out ofhreein each testonfiguration. FronfFigure 51c, The total of 16
straingaugesvereattached tdwo sides of the webs amdo flanges on théop and bottonof the specimen.
There were eight transverse andight longitudinallocations These strain gauges on both sides of the
specimen demonstratthe stress state at the attached locations during th&hestalsdndicated whether

the specimen is yieldinigcally at the midpanS ee Appendi x E for sensorsb

To design the string potentiometersd stands,
specified yield stresses, which were 50 and 60 ksi for thefoolded and hetolled sheebpilings,
respectively. The calculation was done by NBM using a simple beam model subjected to uniformly
distributed load at the middl@.he largest elastic deflectiocomputedfor the 16-ft, 25-ft, and 35t
specimensvereapproximately0.75,1.75, and4.25 irches. Thus, the stands for the string potentiometers
needed to be designed for more deflectamthe specimen would be fully yielde&ince 16inch
potentiometers were used, their stands were designed to accommodate 9.5 inchesiohdeffrevent

damage to the sensors

t

he



The data were recorded using Campbell Specific CR9080%rge modular multiprocessor system that
provides precision measurement capabilities in a rugged, bafterated packagg€ampbell Scientific,
2020).The wiring diagram for lathe sensasare shown in Appendix AThe sample rate waet to be 40

Hz considering it was reasonable for a static loading test.
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Figure51a: 3D view of String Potentiometer Location



Figure51h: 3D view of String Potentiometer Location
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Figure51c: Strain Gage Pattern at Mgbars
FIGURE 51: INSTRUMENTATION L OCATIONS

There were also two pressure transducers to measure the load in the ranpaggstire in the air bladder.

The ramods tinsalhotioeboseeran inte éhe ranthe sensor was calibrated to read the load

valueusingaloadcelhe bl adder 6s t r anheshalergortshoarsikigure#9n e ct e d

t



3.5 Flexural Testing Proceder

There were two methods to increase a load on the specimen: adding the air bladder pressure and moving
the ram down. A test began by moving the ram dbwd inchego have some stroke for the air bladder to
push it back up. Then, the air pressure wasimadded. However, after some points during the test, the
ram needed to move more down to increase the available strmlesthe expansion of the air bladdet

only pushed the specimen down, but it giseghed the ramp The specimen was first loadenl10% of

the expected capacity theck ifall componentand sensors wergorking well and reasonably. The test
then ontinual to reach the targébadand pressure obtained from the finite element analysis of each test
configuration.The target load anpgressure fro each cresgction and span length is showriTible 12.

After that, the specimen was loaded more to achieve a clear yielding pattern of eftwadation curve,
where the curve became f{&eeFigure 52). The monitoring process during the test will be discussed more
in Chapter 4.2Photosand vides were takeduring the tes The videos were recorded from the side view

to showthe defletion clearly.The photos were taken from a wide angle from one side every 1 inch of
deflection, after a loud noise, or at the maximum deflection, Atcbient air temperaturebserved
behavior and loud noisavere recordedAfter a test was dongreliminary analygswere performedto
ensureeverything went wellThe analyses included loguiessure, loadeflection, and loadtrains plots

from the test data obtained.

TABLE 12 TARGET LOAD AND PRESSUREGIVEN FROM FINITE ELEMENT ANALYSIS By NBM

Type Crosssection | Span Length (ft) | Target Load (kip) Target Pressure (psi)
Cold-formed JZ120 16 286.0 65.6
35 120.0 27.0
XZ95 25 110.0 26.0
35 77.0 18.0
Hot-rolled PZC18 35 91.2 22.8
PZC26 35 171.6 37.2
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FIGURE 52 MANUAL LOAD AND PRESSURE VSMIDSPAN DEFLECTION PLOT FOR PZC18-35

3.6 Material Testing

Four representative tensiteuponsveretaken from the end of each specimenratfie flexural testing hth
been completedTwo werefrom both of the top flangs, and two were from both of the webs the
longitudinal directionSeeFigure 53). This testprocedurecomplied withASTM E8 using 18inch long
samples. The necessary parametes® the initial width and thickness of each sample, ultimate tensile
strengthgelongation in 2 inches, and 0.2% offset yield strerfgijure 54 showsa drawing for the coupon

cut of all sheet piling specimens.



FIGURE 53: TENSILE COUPON CUT
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FIGURE 54: TENSILE COUPON DRAWING PER ASTM EG6

3.7 Data EvaluatiorandDocumentation

Material Properties

From the coupon test, ultimate tensile strength, elongation in 2 inches, and 0.2% offset yieldw&ength
determined.The yield strength of each sheet piling specimen was used for normalizing the moment
deflection results. The norma¢-moment deflectio curves of the hetolled and coleformed specimens

and the same crosections with different span lengths were compared to investigate their performance and

effect of transverse stresses.



General Behavior andDbservations

The peak load occtgdwhen the specimemas fully yielded in a longitudinal directiofiransverse stresses
prevented some crosgctions from reaching its theoretical yield or plastic momentansverse
deformationsvere caused by local bultkg of the top flangs or websThe interbck of the sheet piling
should not be separated while the specimen is load#tetmaximum loadGlobal buckling or lateral
torsional buckling should not occurhere might be some slipping noise from the bothponents and

some noise from the speciméeseilf.

Local Longitudinal and Transverse Strains

The normalized longitudinal and transverse stravese plotted to show that the amount of transverse
stresses is significanthe sign of recordestrairs, which is compression for the negative value amditn

for the positive value, arghould follow the sign of the moment at that location.

Momentdeformation and Momentotation Responses

The peak load in themomentdeformation responseasinfluenced by the yield strength of the specimen
The momendeformation curvesrerenormalized to the associated yield strength of each specimenin orde
to make the comparison between different cisEstions more reasable and more meaningful. The
normalized plots of the colfbrmed and the hatlled sections with matching modigwerecompared and
investigatedThe maximum capacityverecompared wh the yield and plastic moments to investigate the

influence oflateralloadingon the crossection



CHAPTER 4: Results

This chapter presents the summary of the test results. It also discusses some obvious trends and aspects of
the results that can be seen without further analysis. The recorded data itadetksflection, loaestrain,
load-pressure, and tensile coupottiadas outlined previously, there were 18 shafihg specimens tested.

This chapter will show examples of the test data from some specimens. The remaining test data are included

in Appendk C.

4.1 Recorded Data

Data from the instrumentation outlined@iapter 3 were recorded during a test. The data included lateral
and vertical displacements from the string potentiometers, local transverse and longitudinal strains from the
strain gaugeshydraulic ram load, and air bladder pressure. After a test was, daw data from the
displacement sensors and strain gauges could be plotted with the applied load. Consideration of the raw
data was important because it informs whether the test wentawellt demonstrated the general behavior

of the specimen. For itence, the string potentiometers' record values could indicate if the specimen was
twisted during the test if the vertical displacements at each side of theseaigs were significantly
different. Then, further analysis, such as moment calculation,embnormalization, and comparison,

could be performed. Deformed specimens during the test at their maximum loads are drigwreib5
andFigure 56. The photos showhe maximum deformation at the maximum loac&d6-ft 32120 and a

35t JZ120 specimenslZ120was one of the coldormed crosssections.The maximum loads of the

specimeswere315 and 142 kipgespectively



FIGURE 55: DEFORMED JZ120-16 SPECIMEN DURING TEST



FIGURE 56: DEFORMED JZ120-35SPECIMEN DURING TEST

4.2 Test Results

Although momendeflectionresponsesvill be usel later to compare the performance between the hot
rolled and coleformed crosssectionsthecalculation of moments neggdomefurther steps. Therefore, the
most convenient way to monitor the data during the testrisatwuallyplot the loadvs. airpresure curve
and the load and midspan deflection responise informatiorwas shownfrom the data acquisition system

during the test.

During each test, the response was plotted automatically using the datalogger system and manually using a
spreagheet. Thenanually created plot helpélde research teaknow how the test was going and how

close to the target load and pressure, given from the finite element analysis with the sarsectioss
providedby NBM at each loading stat&his loaddeflection curve caalso be useds a guideline loading

for later testsTable 12 summarizes the given target load and pressuiteeditst yield of the specimens



subjected toa uniformly distributed loadFigure 57 demonstrate a load-pressure plotreatedby a
spreadshedbr a PZCL8 specimen witha 35-ft clear span lengthThe orange line represents the ideal path
from the beginning of the test to the target point, andthgline is the real testing statéhe point where
the orange line stops is the target load and presstireh are 91.2 kip and 22.8 psi for the PZC3B5test

group Each of thegraypoints represents each time that the specimanloaded.
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FIGURE 57: MANUALLY RAM LOAD VS AIR BLADDER PRESSUREPLOT FOR PZC26-35

As outlined previously, there were two methods to increase the load on the specimen. The primach appr
was to increase air bladder pressure by adding more air ifitteijpressure was added via a pressure hose
connected to the bladdérhere was a vakvused for controlling the air floncrease in pressucaused

the bladder to expand, pushing tieaimen to bend down and pushing the hydraulic ram up to increase
the load. This method resulted in a desirable parallel slope to the ideal path betvdean pwints. The
second loading way was to move the ram down, pressing both the specimen arddaldexii his loading
method establistd a more dramatic change in slope, meaning that the ratio of the load to the pressure
increased is less than tfiest method.The red circles ifrigure 57 indicates wherehte ram was moveir

this specimen, which were 40, 65 and 85 kips.



Furthermore, according to the very first shakedown testsfitst approach was more convenient and
controllable. However, moving the ram down was still necessary during the test since when the bladder
expands and pushes the ram up, the stoke of theedunced. Thus, the ram needed to be moved down a

few times tomaintain the stoke during the test.

Another plot conducted manually during the tests load-deflection and pressuaeflection curve as
shown inFigure 52. This plot heppedthe research teakmow when o stop the testlso in Figure 52,
the flatterslope informs thathe specimen defored linearly at the beginning and stedttoyield aftera
higher load The test stopped when the specimas fully yieded andeachedhe highest loadvhich was

98 kips,where the slopés nearly zero.

Load andPressureResponses

The load and pressure data were important for monitoring the tests by comparing the responses with the
target line Also, they were used to cqrare thdoadingprogress for all specimens in a test grdtqpwever,

the relationship between these two paransedel not help indicate the capacity or the flexural behavior of

the crosssectionsAfter completed test configuratiofthe loadpressure awefor each specimemsingthe
recorded datavere compared in the same pldtigure 58 shows the comparison of the Ieptessure
relationship for 35t PZC18 specimens and 6 JZ120specimensespectivey. According toFigure 58a,

The solid black line in the figure is the target lgadssure path, in which the target point is at 91.2 kips

and 22.8 psi for 3%t PZC18 specimens. It is evident that thading curves for all three specimens in this
configuration are consistent. All the three tests finished after around 10 kips beyond the target load, where
their loaddeformation responses became flat. The same trend occurred for all the test grodppd Seix

C.1 for the plots for all other test groups). However, only the-pyadsure curves for #6J2120 specimen

were clogto the target line when reaching higher load. This observation will be discussed later in Chapter

5.
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SpecimeriLoad-Deflection Response

The loaddeflection relationship is a basic tool to evallates a specimen behaves under the applied load

and pressure. The load and deflection data were readily obtained from the pressure transducer and the string
potentiometers via the data acquisit&ystem. This loadeflection information were used to calatd
momentdeflection responses in Chapter 5 for further evaluation and comparisons betwesleti@nd
cold-formed sheet piling crossections. However, without additional effort, the load daflection data

could be plotted from the data collectedrfrthe data acquisition system.

As outlined in Chapter 3, 16 string potentiometers were installed in both vertidabanontaldirections

in the different locations within the sp#ngth.Figure 59 shows the load and deflection data obtained
from the test of J212Q6-3 specimen. The positive sign for the vertical deflection means that the specimens
moved down. The negative sign for bdtlerizontal deflections indicates that the cresstionsvereclosed

due to the lateral component of the air bladder pressure, WhigasonableAfter the specimen was
unloaded, it deformed back to some permanent deflections, indicating that theectass was yielded.

See Appendix C.2 for all other pld the other specimens.
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FIGURE 59: LOAD-DEFORMATION PLOTS FOR JZ120-16-3

The names of the string potentioments and their locations are shéwguia 51ain Chapter 3According
to Figure 59, Figure 5%, andFigure 59c, thevertical deflections at theniddle of the top flange, for

example, SP@re morghan the deflections of the bottom flanges (SP9 and SP10). This indicates that there



was some local deforation of the webs or the flanges, ahé specimen developed transverse stresses
since the speciean was braced laterallyhe difference between the deflections of the bottom flanges (SP9
and SP10) was due to the fact the the esestion was not perfdgtsymmetric because of the interlocks

at the ends agresentedn Figure 16. This nonsymmetry caused the cressction to twist a little during

the test. The differrence in the horizontal displacements on each side of theetims, SP7 and and SP8

in Figure 59d andFigure 59, confirms that the crossection moved latterally due to the reymmetry.

The vertical and horizontal deflections at the midsgr@nmore than those of the lateral bracing locations,
which is in accordance with the structural analysis of a simple beam.

Figure 60 showsa permanentlydeformed specimen after the tdsis obvious thathe crosssection was
deformed and closed more in the midaigion, where the specimen was directly loaded by the air bladder.
There is also some clear pattern of local buckling at the midspan on the right side of treectioss

shown.

FIGURE 60: DEFORMED JZ120-16-3 SPECIMEN AFTER TEST



Specimen_oad VS Local Stress Data

As outlined in Chapter 3, one of the three specimens in a test configuration had 16 strain gauges installed
according to the instrumentation plan showikigure 51c. Theload vs local stressefor JZ12016-3 are

plottedin Figure 61 (all other data for other test groups are shown in Appendix Th&)negtve sign for

the longitudinal stresses indicathattheywerein compression, which is reasonable since the strain gauges
were installed on the top flanges. Tdiference in the signs of transverse stresses stimiocal direction

for the state of siessedetween the top and the bottom of the cresstionas shown irFigure 61b. As
mentioned prewusly, the transverse stresses were caused by the combination of transndisg stresses

and axial stressesi@ach of the flanges or wel#dl the longitudinal strairgauges show values exceeding

the yield strain, which is 2000 micsirains, meaning that the cressction was fully yielded during the

test.
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FIGURE 61: LOAD VS LOCAL STRESSES FORJZ120-16-3 SPECIMEN
Load and Vertical Midspan [2flection Responses iaTest Group
From the individuatest data, the mgpan deflections (SP6) of all the three specimens in a test group can
be compared in the same plétigure 62 shows the load and vertical deflection in the same plot for each
test groupThe difference inheplots is caused by the actual material properties of each specimen, which
will be investigated and normalized by the result from the tensile coupon tests in Chapter 5. Most test groups
could reach their highest load; however;fBEZ95 specimens expamaed a new limit state, which is the
buckling of the middle interlock of the cressction. This incident prevented the sheet piling configuration

from achieving their maximum capacity, which will be discussed further in Chapter 5.



Load (KIP)

Load (KIP)

Comparison of Load and Vertical Deflection
at Midspan for 16ft JZ120 Specimens

320

300

L

s

280

o~

260

240

A
A
ra

220

200

180
160

140

7/

V4 —— Specimen 1

120
100

// —— Specimen 2

80

—— Specimen 3

60
40

20

0

140 -

120

1 1.5 2 25 3 3.5 4
Vertical Deflection (INCH)

Figure62a:Jz12616

Comparison of Load and Vertical Deflection
at Midspan for 25ft XZ95 Specimens

4.5

100

80

vl

60

/ —— Specimen 1

40

20

7

—— Specimen 2
Specimen 3

P

1 2 3 4

Vertical Deflection (INCH)

Figure62b: Xz95-25




Load (KIP)

Load (KIP)

Comparison of Load and Vertical Deflection

at Midspan for 35ft JZ120 Specimens
160

140 ~

=

120 // V
100 / -/

S

80 o
// / —— Specimen 1
60 % W Specimen 2

—— Specimen 3
40 /
20 /.
0
0 1 2 3 4 5 6 7 8

Vertical Deflection (INCH)

Figure62c: 3212635

Comparison of Load and Vertical Deflection
at Midspan for 35ft PZC26 Specimens

200 -
180 = g
160 P
140 //
120 ye
100 //
: — Specimen 1
80 / —— Specimen 2
60 - / Specimen 3

o

74

Vertical Deflection (INCH)

Figure62d: PZC2635

0 05 1 156 2 25 3 35 4 45 5 55



Comparison of Load and Vertical Deflection
at Midspan for 35ft PZC18 Specimens

100
[
il
80 -
74
= V4
X 60 4
3 2 I
o —— Specimen 1
40 —— Specimen 2
/ —— Specimen 3
20
0 1
0 05 1 15 2 25 3 35 4 45 5 55 6 6.5
Vertical Deflection (INCH)
Figure62e: PZC1835
Comparison of Load and Vertical Deflection
at Midspan for 35ft XZ95 Specimens
80 -
60 % |
o /?
¥
T 40 /
S —— Specimen 1
—— Specimen 2
—— Specimen 3
20 /
0 1

0 1 2 3 4 5 6 7 8 9 10
Vertical Deflection (INCH)

Figure62f: Xz95-35

FIGURE 62 LOAD VS MIDSPAN DEFLECTION FOR ALL SPECIMENS IN A TEST GROUP



Tensile Coupon Results

After a te$ was done, four tensile coupons were cut from the specimen to investigate the actual material
properties. Then, the corresponding yield stress obtained from the tensile test were used for normalizing
the moment responses of each specimen iardamakehe comparison more meaningful on the same
scale. In this part, an example of ledidplacement curves for a tensile coupon and the final average result

for all sheet piling specimens will be presented. The tensile tests were conducted mduegsalusting

machine. The displacement was recorded by an electronic extensometer attached to the coupons with the
gauge length of eight inches, and the sensor was removed prior to the failure of the coupons to prevent

damage. The test setup before aftdr thetest is illustrated ifrigure 63.

From therecorded load and elongation data, the stress and strain can be computed using the undeformed
area at the reduced section and the undeformed gauge length, vebpéekttie next step is to plot a stress

strain curve. According to the American Society fasing and Materialstandarde6 (ASTM, 2016)

yield stress can be determined by finding the intersection between thessta#ssesponse and the linear

line from 0.2% offset strain parallel to the linear portion of the response. The ultimatelst@mgtiso be

found directly from the maximum stress in the respoRggire 64 demonstrates the stresigain cure

(shown in blue) for the tesile coupon cut from thaght top flange of JZ12Q.6-2. The orange line is the

0.2% offset strain, where the intersection to the blue line is the yield siréls.figure theyield stress

and the ultimate stres$ the tensile coupon af6.2and &.1ksi.



FIGURE 63: TENSILE COUPON TEST SETUP
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FIGURE 64: EXAMPLE OF STRESS-STRAIN RELATIONSHIP FOR TENSILE COUPON TEST
The stress results for all the coupons wagtermined with the same procedure discussed above. Once all
the tensile coupon tests completed, all the tensile results from a sheet piling specimen were averaged to
determine the representative values of tleespen, which will be used for normalizittge moments later.

Table 13summarizes the tensile coupon resoftall sheet piling specimeriBhe individual coupon results

are included in Appendix C.4.



TABLE 13: TENSILE COUPON RESULTS

Type Test Group Specimen No. | Yield Stress (ksi) | Ultimate Stress (Ksi)
Cold-formed JZ12016 1 57.2 68.2
Sheetpiling 2 55.5 67.1

3 51.7 63.9
XZ95-25 1 58.1 69.7
2 56.3 68.9
3 55.0 69
JZ12035 1 56.5 67.4
2 58.2 69.4
3 57.7 68.9
XZ95-35 1 57.8 69.5
2 58.4 70.2
3 58.1 69.8
Hot-rolled PzC1835 1 57.2 69.7
Sheetpiling 2 57.1 70.1
3 58.1 71.0
PZC2635 1 62.7 74.2
2 62.5 77.6
3 61.8 77




CHAPTER 5: Discussion

5.1General Behavior

General Behavior

Overall, e tests went well with some minor issues that were resolved after the very first tests.-The pre
tensioned bolts that connected the specimens to the bearing plates performed as expected without failure.
The vertical rollers, which braced the sguer framehad experienced some movement at the very first
specimens. Still, the problem was solved due to the improvement in their connections and locations. The
air bladder could resist the pressure during the test and expand fully to fill the spasentidie gecimen

and the loading frame. Nevertheless, after the air bladder was used a few times, there was some air leaking
sound.The leakage started from the joint of the fabricated bladdwer first air bladder, which made of
nylon-reinforced coated fabriblasted Then, the new material, Kevlar, which is much stronger, was used

to fabricate a new bladdeHowever, the leakage issue had not solvesl.a result, the bladder was
reinforcedespecially aits joints, and the longe25-ft and 35ft spans were testl to reduce the amount of
pressure. There were some loud notharsng some of the tests, which originated from the bolts' slippage

or some local buckling of the interlock of the specimens.

The elastic deflectionalculatel for JZ120 specimens with a-f6span length was approximately one inch.
This means, theoretically, at first yield, the vertical deflection would be around that number. Before the
first test started, this was expected behavior. However, accordinglomgieidinal strain data for JZ02

16-3 shown inFigure 61a, the sheet piling specimeeaaclesthe yield strain (2000 micrstrains) at around

200 kips which islower than the target loauf 282 kips The loaddeflection response figure 62a shows

the displacement of 1.75 incheshich is also higher than the calculated valeé 0.75 inchesAt the
maximum load, the specimen reached more thaeetinches of deflection. This indicates thhe

specimens were yielded earlier before tieotetical yield load and were loaded far beyond the yield point.

88



It also reinforces the assumption that transverse stresses have an impact on the behavior epilegsheet

under flexure. The influencd these stresses will be discussed further inpdres.2.

The maximum loaghown in Figure 62 occurs whera crosssectionwasfully yielded, where thevertical
load-deflection curves b@me flat The trangerse stresses were established fromabal buckling of the
flanges or webs sce the crossections were braced laterally from spreadirigs point can be confirmed
from the displacement data shownFigure 59d andFigure 59, in which the horizontal deformations
occur. Figure 61b indicatesthat most of the transverse strain gauges were yield asDesdpite these

deformations, the interlocks between thhesssections were not separated.

AppliedLoad andAir Bladder Pressure Relationship

The applied load and pressure plots demonstrate the relationship between the hydraulic ram load and air
bladder presure.Examples of the plots are shownFigure 58 (therestare included in Appendix C)1it

is obvious that most of the logmtessure plots are off from the target load and pressure lines, which were
given from the analys{sIBM, 2016) However, the plot for JZ12Q.6 is precisely on the target line. There

are a couple of reasons for this behavior. First, the actual dimensions of the air bladder were designed to fit
with the shape of the JZ120 profile. Sinthe bladder was considered flexibtewasused for the other
crosssection and some differences from the target curves. Second, how close the actual relationship to the
target line depended on how well the air bladder fully contacted the wholepdlivegetrosssection. From

the analysishat provided the target load and pressure by NBM, the-sexdions were fully loaded along

the top surface. However, in the actual tests, the air bladder did not fully contact the webs, and the bottom
flanges all tie time. In the beginning, when thealitler pressure was low, and the bladder was not-much
expanded, it fully contacted the top surface of the esestion. As a result, the initial part of the lead
pressure responsesidentical to the target lines. Ohd other hand, when the pressureeased, the air
bladder expanded more and floated up from the bottom flakgpsge 65 illustrates the behavior of the

air bladder when the test reacheedigher load.lt is clear that the bladder does not contact the bottom

flanges and does not contact some bottom part of the Welssiesulsin the loadpressure curves thate



slightly off from the target lines. In other words, when the contact area is less, resserngris required to

get the same load.

FIGURE 65: AIR BLADDER BEHAVIOR UNDER HIGH LOAD

Another reason that affects how close the adbadpressure curve to the target line is theet pile's
stiffness Specimens with shiter span length fiemore flexural stiffnessvhich resulédin theless vertical
deflection.This madethe air bladder contacts the top surface better since it wasegor@gainst a stiffer
surface For all the reasons discussed ababat whythe loadpressure relationshgfor 16-ft 32120
specimens are identical to the target.liimecontrastpthers are similar to the targets at the beginning and

are slightly off aahigher load.

All specimens needed to reach higher loads more than the target bxadeaee their maximum capacity.
For instance, PZC185 specimenseacheda maximum load of 115 kips, which was 26% higher than the

target load of 91.2 kipSimilarly, JZ12016 specimenachieved15 kips, which wa$2% more load than



its target load calculatedAs mentioned previously, the target load was calculated at the yield moment (or
first yield) of the crossection. Therefore, in order to obtain ttapacity of the crossections, where the
specimens were fully yielded, more loads wapplied.The load added depended on thesssection and

the span lengthlhe capacity of the crosections occurred when the ledeéflection curves became flat.

For these reasons, using the pressurewasaot an accurate way talculate thenomentson the sheet
piles andto study their maximum capacities. Instasihgthe load dataneasured at the ramere more
appropriate However, having areduction in thecontact areaid notchange the fact that the shorter span
lengthneedmore amount ofoadto achieve the moment strngfhe research team studi#eeinfluence

of thedifferert amount oflateralloadingon the maximum momentapacitiesThe amouns of thelateral
loadingon different span lengthgerenot similar whetherthere waghe reductio in the contact arear

not
Interlock Buckling Limit State

Sheetpiling is made of two pieces of steel plate-hmited or coldformed into a shape. Both sigl of the
crosssection are connected at the middle interlddle research team calléte eventvhen the interlock

at the middle buckles or rotates immediately along the longitudinal axis of the mlee8interlock
Bucklingd. This limit stateis uncommon Theeventmadethe top flanges bent along the axis and causing a
loud noise. This limit state resulted in some drop in load, as shown in thddfladtioncurves of XZ95

35 specimen plotted irigure 62f. The same behavior occurred during all three tests for XZ&secimens

at very similar loadand vertical deflectionsf around 60 to 65 kipandsix to seveninches Figure 66
shows the shape of the top ftgs for @ XZ95-35 specimen after the event. It is obvious that both top

flanges bent toward each other along the interlock, and they were no longer horizontal.



FIGURE 66: INTERLOCK BUCKLING OF XZ95-35

After the interlock bucled, the pecimens were loadedore andthey obtaird a similar amount of load

before the buckling event, where the specimens reached their highest load and the test finished. The loads
dropped from this incident were approximately 5 kips. In othedsyathe interlock buckling limit state
prevented the sheet piles from achievintepast 5 kips higher capacity for-365XZ95 specimeng-igure

67 shows strain gauge data for X285-3. The interlock buckhg results in0.2-0.3% increasen local

strainsin both longitudinal and transverse directiofBe amounts of strain increased dughbuckling

are significant compared to thepecimen deforms' total strainThis event prevented the XZ&5

specimes from achieving thie target load
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FIGURE 67: STRAIN GAUGE DATA FOR XZ95-35-3
However, the test of the same craggtion with 25t span length experienced maerlock buckling. The
specimens were tested to around 120 kips of load and five inches of vertical deflection. Even though the
tests ran to a higher load, their maximuml@gtfons were still less than the point where the interlock

buckling happened, wtlh was around six to seven inches. Therefore, this limit ctatel beconsidered



deflectiorrcontrolled However, since the event wascommon and beyond the scope @& gnoject, further

research on the interlock buckling is still required to conftiia point.

Interlock buckling occurred only for 3% XZ95 specimens. The tests for JZ12®, which was also cold
formed and had the same shape of the middle interlockaagnsin Figure 16, exceeded both load and
deflection aiXZ95-3 5 Buskling, but the event did nbappenThe reason is that JZ120 is a larger cross
section withl.4 times more sectional modulaisd 1.7 more moment of inerti@cordingo the propgies
presentedn Table 2. A JZ120 specimen with span lengtHonger than 35t may experience this limit
state if the sheet pile is subjectedamgerdeflection.However, the maximum deflection of 7riches for
JZ120635wasstill capabldor crosssection to reach its capacifyhetests for thénot-rolled crosssections,
PZC1835, and PZC2@&35, which has a different shape of interlock, finistadhe maximum deflection of
5.5 incheswithout interlock bucklingaccording tahe loaddeflection data fronfrigure 62d andFigure
62e . Therefore, thesavo crosssections work wellithin this 35ft configuration but interlockuckling

couldalsooccurif the span lengths longe.

The interlock buckling of XZ95 would be factor that prevents the cressction from reaching the same
capacityof PZC18 ahough they have similar sectional modulus. A comparison between both cross
sections will be made later in this chapter to investigate the effect of the interlock bumklitige

performance of the coltbrmed and hotolled sheet pilings.

However, the foupoint bending testen the same XZ95 crosectiondid not experience the interlock
buckling (NBM Technologies, 2017)There werea coupleof reasons that wouldrevent the specimens
from having this limit statefirst, according tcFigure 35, the maximum deflection for XZ98pecimenss
3.2 inches, which is less than 5.8 inches of the buckling defléntibe uniform pressure te§ewond, he
loading methodvas alsadifferent. The fourpoint bending was condwetd by gplying the load on thsteel
rollers placed on the toftanges of the specimen (Sedgure 30). Unlike the rollersthe air bladder was

flexible. The vertical component®f the pressurappliedto the speciners could bend the top flanges



rotatetoward each other aroutige middle interlock For these reasons, the interlock buckling occurred in

the uniform pressure test but not in the fpoint bending test.

In the applicationthe interlock buckling isuncomman. The difference between the actual configuration
and the test setup in theboratory would be a factdsolating theimit state.ln the reality, a sheet piling
member is continuously braced from spreading not onlythey adjacent members connettat the
interlocksbut alsoby other sheet piling wall componenEor example, #eam member, also known as a
wale, is connected to the sheet piling membbkosizontally along the wall lengtfHowever, n the
laboratory, there were some discrete locatiofithdateral bracingsThus, the sheet pilés the wall system

have more latal stiffness making them harder to experiertbe interlockbuckling

5.2 Momentdeflection Responses

Moments can be computed from the load data obtained from theitese thg weremore accuratéhan

the pressure dats discussed in Chapter 5&ructural analysis of theheet pilingbeamsubjectedo a
uniform load partially distributedn the spamwasused A calculation aid ipresented in AISG Steel
ConstuctionManual(AISC, 2017)shown inFigure 68. In this case, the maximum moment occurs at the

midspan, which corresponds to the maximum vertical deflection at the same location.

l o
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FIGURE 68: CALCULATION AID FOR STRUCTURAL ANALYSIS OF TEST SETUP (AISC, 2017)



The yield moment and plastic moment can be determined from the septiopaities inTable 2 with the
specified yield stress, which are 50 ksi and 60 ksi for-tarilched and hetolled crosssectionrespectively.
Note thatthese moments were calculated based onlghervertical components of logulojected on the
width of the air bladderFigure 69 shows the momesdeflection curves for all the test groupéie curves
wereplotted from the actual test data, in which each speciypoally havehighermaterial properties
according to theensile coupon results presentediable 13. In contrastthe yield and plastic moments

correspond to the constant specified yield stress.
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FIGURE 69: MOMENT -DEFLECTION RESPONSES FORALL SPECIMENS INA TEST GROUP

Momentdeflection responses have dianishapes to the loadkflection curves. However, they better
illustrate the crossection behaviors because the curves are plotted in terms of moment related to the
sectional properties. For the same crasstion, tle load data could be different duehe span length, but

the moment data are in the same order. In this project, there were some variations in the moment values of
the same crossection with different span length. For example, JZ18Mhas a maximum mant of 950

kip-ft, but 3212635 can each 1100 kigt, according toFigure 69. This is the influence of transverse

stresses, which are not eqf@l each span lengtfrhis point will be discussefdrtherin Chapter 5.3.

It is evident that althe specimens started to yield earlier before reaching the specified yield moments since
the curves were no longer linear. Beyond the linear parts, thene=pbecame flatter, indicating that more
of the crosssection experiences yield. Eventually, withe curves became horizontal, the entire cross

section was yielded. The lateral pressure from the air bladder or the transverse stresses made the cross



secton yield earlier and prevented the cresgtions from achieving their theoretical yield or ptasti

moments.

Momentdeflection responses are useful for preliminary analysis. They illustrate how much the capacity of
the crosssections are close to the sjfied yield moment and plastic moment. However, the actual yield
stresses of material are typicathore than the specified values. This means some-sex$®ns shown
reaching either yield or plastic momentdHigure 69 may not beaccurateTherefore, the curves need to

be normalized by the correspangtensile coupomesuls, which will be done later in this chapter.

5.3 Existence offransverse Stresses and Their Effect&lexural Behavior

Transverse stresses on shgiéihg originate from the lateral deformation of the crssstion. Not only can
the uniformly distributed load cause the stresses, but point loads from tipofotlsending test can create
them as well. The study by NBM in 2017 on the same ghitey profiles with fourpoint bending showed
that the transverse stresses exist atingrto the strain data shown kigure 40. The stresses prevented
some crossections from achieving their plastic moment. Howetleg,loading method in 2017 did not
representhe actual loading configutian in the sheepiling applicationThis issue wathe motivation for

this newproject.

The amount of transverse stresses that occurred during the tests was very sigrifilastrate, the local
strain data presented iRigure 61 for JZ12016-3 shows that the maximum longitudinal strain in
compression is 6000 micigirain, while the minimum transverse straievenmore tharfour times ofthat
value.Other strain data included in Appendix C.3 ar® algnificant.Therefore, the féects of transverse

stressesnthe flexure behavior of the shegiting need to be considered.

Transverse stressasceleratéthe first yield of the crossection. Acording to the longitudinal strain data
of JZ12016 specimeng Figure 61a, the specimeneaches the yield straat 200 kips and 48 pswvhich
are significantly lower than the given target load and pressure of 282 kips and A3qgplser examplés

the XZ95-35 data plottedn Figure 67, the specimens start yielding at around 60 kips, butalelated



target load ig7 kips.This indicates that the existence of transverse stresses makes theectimsyield
earlier Transverse stressedso preverdd some crosssectiors from obtaining its theoreticgblastic
capacity.This pointshownin the normalized momeiteflection responsesvhich will be analyzedn

Chapter 5.4.

5.4 Normalized Moment vdeflection Responses

Normalized momentleflection responses weessential for all the comparisons made in this project. The
tensile coupon results presented in Chapter 4 stdlat the material's actual yield stragas typically
more than the specified yiestress. Normalization of moments helped compare all seed in a test
group, specimens with different span lengths, andrdéltgd and coleformed crosssections more
meaningful. The normalized curves for all the test groups indicate whether thesetties can develop
their yield moment or plastic moment.direct comparison between the same casgion with different
span lengths can be made. The performance betweemlleat and coleformed specimens can be
examined. The momeileflection curve were normalized by the corresponding yield stress of each
specimen. The yield moment and plastic moment were also normalized to the specified yield moment
calculated from the sectional propertiaad the specified yield strengtb be 1.0 and around 1.2
respectiely. Figure 70 presents the normalized momalgflection responsesith their yield and plastic

momentdor all specimens in a test group.
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FIGURE 70: NORMALIZED MOMENT -DEFLECTION RESPONSESOF ALL SPECIMENS



According to the normalized momedéflection responses shownkigure 70, all specimens' cungin a

test group become moidentical(closer to each othénan the original momertefletion plot$. The plots

still confirm that the crossections started to yield earlieradio the existence of transverse stresses, making
JZ12016, and XZ9525 no longer reach their yield momeniZ12035 and PZC185 specimengan

develop the yield moments, but they cannot achieve the full capacity, which is the plastic moments. This
reinforces the influence of transverse stresses mentioned in Chapter 5.3 on the flexural behavior. The
stressesccelerate the first yield to occur, resulting in lower actual moment capacities compared to the
theoretical values. The XZ986 specimensxperenced interlock buckling, whicthe eventprevened

themfrom obtaining higher moment capacity.

However, fromFigure 70, only PZC2635 specimens achieve the plastic moment. This «esonhas

the lagest and tallestimension®f all with the highest thicknessas pesented ifrigure 16. As discussed
previously, the air bladder did not fully contact the top surface when it expanded more. For the tadlest cros
section, this behavior makes the contact surface even less, resulting in less aniatanaldbading.
FurthermorePZC26 has the highest thicknességhe webs and flangeshich help resist transverse
bending better. These reasons helpdtusssection to obtain its full capacitfable 14 summarizes the

ratio of the maximum momewgapacityto the yield moment and the plastic moment for all test groups.

TABLE 14: RATI O OF MAXIMUM MOMENT TO YIELD AND PLASTIC MOMENTS

Test Group | Maximum Moment | My | Mp | M/My M/Mp
JZ120-16 0.97 1.00|1.20| 0.97 0.81
XZ95-25 0.98 1.00|1.17| 0.98 0.84
JZ120-35 1.07 1.00|1.20| 1.07 0.89
XZ95-35 0.76 1.00|1.17| 0.76 0.65
PzC18-35 1.08 1.00|1.17| 1.08 0.92
PZC26-35 1.20 1.00| 1.20| 1.20 1.00

From the tableJZ12035 andPZC1835 exceedhe yield momenat 7% and 8% highewhile only the
PZC2635 testgroup achievethe plastic momentlZ12616 and XZ9525 achieve 97%nd 98% of the

yield moment.The longerJZ120speémenscanreachthe yield moment. This trend should happen with



XZ95-35specimenss well; howeverthe interlock buckling limit state prevesatthem from doing solhe

effect of span length will be furthevaluated in Chapter 5.5.

Fourpoint bending tests on the same sheltgs were conducted by NBM in 201This loading method
established point loads on the specimens, which did not simulate the actual impfdid¢ate loading
configuration. In reaty, sheetpiling members are used as a retaining wall subjected to soil or water
pressure. The new experiment in 2020 was designed to account for thig-igsue.71 compars the
normalizednomentdefledion curves obtained from foypoint bending testd{gure 708 and uniformly
distributed loading test${gure 70b ). The crosssection tested is JZ120 with the samdtigpan length.
Figure 70ashows that the crossectioncandevdop the yield moment and almost reach the plastic moment

with the maximum capacity of 1.18 times.M

On the other handhe samelZ120616 sheet pile withiateralloading could noevenachieve the yield
momeniat 0.97M. The reduction in the flaural strengtlis due to the increase in transverse strains obtained
from the new test setup as showrFigure 72. The numbers in orange are the maximum stdaitain
micro-strains.It is obvious that tb amounts of transverse strains for both tension and compression in the
new study are more than four times the strains obtained from the previous project. This causes the maximum
moment to decrease by 0.21Mvhich is very significant. Therefore, this region in the flexural capacity

needs to be accounted for in designing a sheet piling wall.



)

—_
n

08 G

Mormalized moment at mid-span {IWMvj

Normalized moment at mid-span (M/M
o
[}

ey
T

JZ-120-Test-1
=== = JZ-120-Test-2
JZ-120-Test-3
Yield moment
Plastic moment

a

0.5 1 1.5 2 2.5

Deflection at mid-span (in)

Figures9 a: Fourpoint Bending Result

3.5

Normalized Moment VS Deflection for JZ120-16

12
o
o o~
(]
5
2 o8
B Specimen1
% 06 Specimen2|—
E —— Specimen3
2 04 My

.  Mp -

02

0 ; .

0 2 3 4

Midspan Deflection (Inch)

Figures9b: Uniform Pressure Result
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5.5 Effect of Span Lengtio Moment Capacity

Span lengths affeetlthe amount of load required to reacle teme moment and affect the number of
transverse stresses established on the -glilewj specimens. According to the simulatigNBM
Technologies, Inc., 20163pecimens with varied span lengths have a different amounhet/énise stress
to longitudinal stress ratigsee Figure 24), which leads to variation in flexural performandeis
experiment's resulsoconfirm the influence of the span lengtin the numberof trans\erse stressend

its effectonthe moment capacitfFigure 73 compareshenormalizednoment vsnormalizedstrain curves

of JZ120 with 16ft and 35ft span lengths.
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Comparison on Longitudinal Strains of JZ120
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FIGURE 73: COMPARISON ON TRANSVERSE STRESSES OFJZ120-16 AND JZ120-35
Figure 73a clearly shows that when the span length increases, the amoumsetrse stinsdecreases
significantly. For instance, the maximum tensile stress fet $§6an length is reduced from Sifes the
yield strain to 2.5 times the yield strains forf8BSpan length, which is more than two times loviefact,
the different span length requiretifferent amounts of load to reatie same amourtf the longitudinal
moment.Without lateral loading, the moment on the cressction would be the same. Howevdrist
difference inthe totalloadon the spawaried theamount oflateralloading, and then the transverse strains
on the specimengAs a result, the moment capaestfor different span lengths were no longgualeven
though themaximumlongitudinal straisfor both span length are wetlosebetween2.75and3 times the
yield strainsas shownin Figure 73b. The moment capacitis higher forthe longer span. This well

concludes the effect ¢tdteralloadingon the flexwal capacityof the sheet piling.



Fromthe discussion i€hapter 5.4, it igvidentthat the difference in the span lengths affects the maximum
capacity of the crossection.The normalizednomentdeflection curves with different span lengfios

JZ120 andKZ95 arecomparedn the same plot shown kigure 74.
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The comparisonf JZ120 testin Figure 73 andFigure 74aindicatesthat the shorter span length has more

effect i transverse stress, resultingess moment capacitif his finding reinforces theesultsfrom the

finite element model by NBM (2016However , for the XZ950s compari so
state occurred during XZ985 tests, preventing thg5-ft span from having a higher capacifijhe

maximum capacity for the XZ95 profile is not only controlled by the dpagth but also the interlock

buckling Thus a longer span length may not always be béirea sheet pileonsidering there isather

limit state that may apply.

5.6 Comparison between Hotlled and Coleformed Sheet Piling

From the previous sectisrof Chapter 5, the performance of individual sh@ktg crosssections, and the
effects of their span lengths have been invesiya he normalizeshomentdeflection curves can now be

used for the comparison between-hated and coleforms sheet pitigs. JZ120 and XZ95 are hatlled,

and PZC18 and PZC 26 are cétetmed. As outlined in Chapt&; there are two pairs of cressctions

that have similar sectional modulus: JZ120 with PZC26, and XZ95 with PZC18. Theoretically, a flexural
member with thesame sectional modulus should have the same moment capacity when the yield strength
is the same. Therefore, normalization of thameats to their corresponding material properties will make

the comparison more meaningful and reasonable. The pairs gjuivalent crossections with the same

span length, 35 ft, are compared on the samédrpkigure 75.
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The comparisons clearly g that, for this span length, the holled crosssections havehe higher
flexural capacity.Figure 75a compares XZ985 and PZC185 and demonstrates that the interlock
buckling plays an important role the reduction of XZ98 56 s ma x i mFigurec78bshows t vy .
closer capaties of 32120 and PZC26 cressctions without the limit state, but the-molled one has 13%

of My more capacity. Thdeflectons are different due to the moment of inertia valAesording toTable
2,J7120 and XZ95 crossections have 395.2 and 238.0ftnwhile PZC26 and PZClj@ofileshave 428.2

and 256 if¥ft. The shape of the middle interlocks may affect the deflections as well since the midspan
deflectiors were measured at the bottom of the interlodke interlock buckling occurred in the celd
formed XZ95 tests, whereas theld-formed PZC18 did not experience this limit statbus, the cold
formedés interl ock mi ghtAll Hotarolled crosssectonslalsa tmve mdre f or ma
stiffness than the colfbrmed ones due to the moment of inev#@uesand thinknesss Higher stiffness
valuesmake the hetolled specimens have more resistancédth global and local deformaticand

rotation

Thesimulation modetesults shown inFigure 19, suggest that JZ120 tia little less capacity than PZC26,
while the other two crossectiors were equivalentThe four-point bendingesuls in 2017suggested the
equivalent results betweel hotrolled and coleformed sheet pileas shown irFigure 37. However, in

the uniform pressure testthe existence of transverse stresses affects the flexural performance of the
specimens. The interlodhuckling limit state occurred durintghe tests in 2020 for th¥Z95-35 cross
sectionbut itdid not occur in the testn 2017 Furthermore, even thohdhe hotrolled and coleformed

sheet piles have similar sectional modulus, the dimensions and thicknesses are not the same. Thus, the
influence of transverse stresses on flexural behasootd be different. To investigate this point, the
transverse stra data vs. moment of each pair of the equivalent esestions need to be compared. The
moment values are normalized by the corresponding yield moment of the specimens, while theratrains
normalized by the yield strain, which is 2000 mistoains. Tle comparisons on both pair of the cross

sections are demonstratedFigure 76.



The comparisons show that the amount of transverse sfoaibpsth types of sheet piles are not the same.
The amount for the hablled crosssections plotted in blue is less than the dolined specimens shown
in red, although the span length is equal. Thus, the maximum capacity of BB@26igher than JZ120
35.This reinforces that the transverse stresses influence the flexural capac#ffethefspan lengtaon

the capacityf the sheet piling crossectionwasdue totheamountof transverse strains and the profile of

the crosssection iself.

Comparison Between Normalized Moment VS
Transverse Strains of XZ95-35 and PZC18-35
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CHAPTER 6: Conclusions

6.1 Conclusions
General behaior and Structural Capacityof Steel Sheet Piling

The experimental program on the céddmed and hotolled sheepilings' flexural behavior was designed

to capture the actual behavidm reality, these types of members are subjected to uniformly digtdilboad

from soil or water pressure along the cresstions' surface. The members are connected along their
interlocks to form a retaining wall system. These connections help heaceosssections from spreading

and opening, making them behave likeeam under flexure. In the test setup, the air bladder was fabricated

to fit the sheet piles' shape to generate pressure along the surface. Lateral bracings were provided at both
endsof the loading region and roller supports. The hydraulic ram's pcaat Vveas transferred to the
uniformly distributed load on the specimens by the air bladder. All the components were designed to

simulate actual configuration in the sheding applicaton.

All sheetpilings suggested similar flexure behavidhe loaddeflection responses started from linear at
the beginning while the sheet piles had not yielded. After the first yield, the curves became flatter and
eventually horizontal when the cresstions reached their maximum capacity where they were fully
yielded. Tke loadpressure plots obtained from the tests also showed that the target load was higher than

the actual first yield load. The specimens yielded earlier under the existence of sarstiesses.

The middle interlocks of the sheet piles did not sepatatang the test. This helped the creextions
remain in shape and develop their flexural strength. Most of the-sectisns could reach the maximum
loads; howeverpnly XZ95 crosssection with 3 ft span lengthexperiencd the interlock buckling limit
state. The event prevented those specimens from reaching higheClasmdsectional gometryplays an
important role inisolatingthe interlock bucklindgimit state.JZ120 and PZC2frofiles havesignificanty

more thicknesshan XZ95, making them hawveore resistanio the local crossectional deformation that



caused théimit state.PZC 26 crossection has the same thickness<Z95, but the shape of the middle
interlock is diffeent. Thus, the event did not occukfter more evaluation, the ressilsuggested that this
limit statecould bedeflectioncontrolled. Therefore, other cressctions may experience the same event if

subjected to more vertical deflections.

However, the interlock buckling is not a common limit statkere vas no interlok buckling in the
previous fouspoint bending testen the same crossectionsThe mainreason wasghatthe way to load a
specimen did not generate the lateral loading erctbsssection.Two steel roller were placed at the top
of the specimens, and thenly loadedthe crosssection verticallyOn the other hand, the use of the air
bladdercreateda uniform load perpendicular to theurfaces of thevebs and flangedhis type of load
amplified the local deformation of the cresesction, which caused tivderlock bucklingIn the sheet piling
wall, the evenis also more difficult to occuiThe sheet piling members have more lateral stiffsesse
they are connectednd braced togethealong the full length, and there are alsmre sheet piling

componets connected to the members that medem harder to buckling

Effects of Transverse Stresses

Transverse stressasea combination of transverdémnding stresses due the load perpendicular to the
sheet piling surface and axial stresdes to the loadgainst the boundary conditionBhe testresults
indicated that transverse stresses significantly influenced the flexural strength of battelcaind cold

formed $eet piles. The normalized mometeflection curves showed that all the cresstions sbjected

to uniformly distributed loading yielded earlibeforereading the target load calculate&ome cross
sections could not develop their yield moments, while only one could reach its plastic moment. This
reduction in flexural strength was due tarisverse stresses, which caused ldegrmatiorof the flanges

or web components of the cressdions. An increase in transverse stresses amplified the combination of

longitudinal and transverse streseaeghe materialwhichinfluencedthe moment capacitylhis answeed



the research questioabouthow the transverse stresses intewith the longitudinal stressesd dfect

the maximum moment capacity of the sheet piliragssection.

The result confirmavhat Hartman mentioned in 1994 that transverse stresses on the flexural capacity
needed to be considered in the design. As a result, the full plastic and yield ncapaaities should not
be used directly for designing sheet piling members. Howeverethetion of the moment capacity from

the yield moment depends on the crsastion and span length presented in the test results.

Effect of Different Span Lengtls

The difference in the span length resulted in the differen¢ceeramount ofoad requiredo obtain the
maximum moment of the sheet piling craextions. The use of the air dtler generated motateral
loadingwhen the totadir pressire increased he difference in lateral loading resultedhidifferentamount

of transversestrainswhich influencel the maximum moment capacit4s discussed previously, the less
transverse stresses reduced the esestion deformation and also reduabe@ combinatn with the
longitudinal stressed.he strain gauge data clearly showed that the amount of transverse stresses reduced
significantly when the span length increasiee to less amount of load required to achievertagimum
moment This redudion in stresseseduced their effects andade the maximum momendf the coss
sectionincreased. The experiment confedthe results from the finite element model performed by NBM
in 2016, which suggested the same treamttl answered the quiest of how and whyhow the different
amounts of loading on the different span lengths affexttosssectional capacityMost importantlythe
reduction in thanomentstrengthfor differentspan lengthneeds to be considered during #eet piling

wall's design.



Performance between of Colibrmed and Hotrolled Crosssection

In general, coldormed and hetolled steel sections have different material properties, especially yield
stress, due to the heat during thedurction and the colblling process. To make the comparison
reasonable and meaningful, the morr@eflection esponses need to be normalized by the corresponding
yield strength of the material. On the same plot, the comparison on the normalized ‘deftaetibn
curves suggestedlawer flexural capacityof JZ120than PZC26The flexural performance of XZ95 and
PZC18 was also not equivalent because XZ95 specimens experibadetetlock buckling limit state,
preventing them from achieving higher moment capadike strain data showed that both cdtdmed
crosssedions experienced are transverse straindue to thegeometry of the crossectiors. This also
reinforces thatrinsverse stresses affect the flexural capaégtya result, it cannot be concluded that both
types of sheet piles are structurally equivaiktiite transverse stressae different and the other limit state

OCcCurs.

The finding showsomedifferent aspestof the model and the experiment done by NBM in 2016 and.2017

It reinforces the result for 32120 and PZC26 in 2016hggested aninequia | ent r esusbts, f r om
in which there was nlateralloading. The research yartman, R. J., & Neal, J. An 1994 indicated that

hotrolled sheet piling was better than the efidned one considering their flexural performandhe

effects of transversstresses to the maximum moment capacity were introduced. Some design aids were
established, in which the craessctions had the full moment capacity when the pressure is zero. The
capacity was reduced linearly to zero whengtessure is higher, which winaccurate because the sheet

pile still has norzero capacity. The report also mentioned that further study needed to be conducted since
there were a couple of specimens tested. However, this conclusion between both thpespifisg had

been used foa couple of decades, and it affected the use otfoolded sheepiles. From now on, this
20206s project could ignite the use of bothl types

on the transversdresesand the interlock buckloplimit stateto design a retaining wall system.



In conclusionmany factorsmake the hetolled and coleformed sheet pilings flexurally equivalent or
inequivalentThe loading methdand théboundary conditions provided in ttests or in théinite element

model play an impant role in doing soThe existence of lateral loading in the uniform pressure test
amplified the total amount of transverse stresses which reduced the moment strength of the sheet piles
compared with hie four-point bendng test The difference in thgeometry of thesheetpiles affects the
resistance to therosssectional deformatigrresulting in different transverse stres3éee uniform loading

method couldriggerthe interlock buckling to occuwhile the fourpoint bending did not experience the
event.The finite element model of the interlocks assumed that they were frictionless arabheact All

of thesecould be the reasons wthe hotrolled and coleformed sheet pilings are equivalent aegiivalent

in terms of flexural behawr.

Engineering Applications

The results obtains from the project can be very useful for designing a safer sheet piling walllsistem.

obvious thatateralloading which occurs in the application redsitiee sheepiling capacity From the test

results,it is obvious tlat when the span length increased, the amount of transverse strains increases, while

the moment capacity decreas€his trend reinforces the wofkom NBM in 2016 reviewd in Chapter, 2

in which there weresomeinteraction curves betwedhe span length and the moment capacity of sheet

pilings. The curvesalsos how i ncreases i n moment capaciByy when
plotting the interaction curve of JZ120 specimehtinedirom NBM with the unibrm loading results, a

design aid can bereated The JZ120profile wasselected fointroducing an example of the design aid

shown inFigure 77 since there was no interlock buckliimgthe tests.



DESIGN AID (JZ120)
Moment Capacity VS Span Length
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FIGURE 77:. DESIGN AID EXAMPLE FOR JZ120PROFILE

The curve for the uniform pressure tests shown in red is below the expected curve obtained from the model
(blue line). This indicates some reductionthe capacitydue to the actuatonfiguration.However,
considering the reduction, a full design aid banplotted for all span lengths typlly used in thesheet

piling wall application.This curve helps an engineer to chooseappropriate span length to obtain the
capacity desired=or exampleif the deflection is not the caseengineecanchoose 35t span to use 1.07

times the yield momeriibr designing the sheet piling wallsing a longer span also reduces the number of

componentssuch as a suppoih thewall system.

However, for the XZ95 profile, there should be a limitation orldhgest span length usedsing too long
span for this crossection may trigger the interlock buckling limit state, which reduces the capacity

significantly.

6.2 Future Imppvement and Research

The sheet piling project series with the same esessiondiad been conducted from 2016 to 2020the
projectsaimedto compare the flexural performance of céddmed and hetolled sheet piles in many
aspects and configuratiarisirst, NBM (2016) performed the finite element analyses to investigate cross

sectional properties and behavior under different kinds of loading and boundary conditions. The analysis



resultswere therset as a baseline for the following experimental ot to compare the performance

from the model and the real test configuratibime second project in 2017 was the first flexexgleriment

on the same sheet piling profiles using a fpaint bending test. Finally, the specimens were subjected to
uniformly distributed loading and reported in this documentsAswn many structurgbroperties of the

sheet pilings had been evaluated. However, there are still more interesting aspects of the sheet piling

structure.

In the application, sheet piling members asually installed as a cantilever wall, but most of the tests were
conducted vth a simple beam setup. There is curiosity about different performance between both structural
configurations. Higher local stress concentration in a cantilever beam'ssectiss is easier to achieve

with the lower applied load. This might affect tHextural behavior and capacity. Several more failure
mechanisms of the sheet piling itself could be tested. The test setup could be designed to be more realistic
with as many athe same field configuration to represent the equivalent behavior. Furtheastive sheet

piles do not behave alone in a wall system, other retaining wall components could also be investigated.

Interlock buckling is also an interesting topic sincelihig state significantly reduces the moment capacity
of sheet piling A test setup in which it can uniformly load the sheet pilings to more vertical deflection
would be useful. Not only can the use of longer span length reduce the effect of trarisseses,ut it
introduces the interlock buckling limit state, which ga®t occur in shorter spans. The influence of this

limit state to the flexural capacity will be useful for designing a{span sheepiling wall.
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APPENDIX A
Wiring Diagram andPrograming of Test Sensors

A.1 RTDAQ Program CR9000X

4:? COMNFIGURE LOGGER ? x
CR9000X MODULES | PERIPHERALS
Colors Indicate Module Type QTY SsLoT
"F-..-.-'-' .-'--\-‘ p—
9011 Power Supply......oeeeee. 1 1
9032 CPU (1=9031, 2=9032) 20 2
9041 A/ID Amplifier Module..... 1 3
Slaiplalalalelalalelalelala 9080 PCMCIA Adaptor . 0 None
l J 9050/51 Analoq Input Mod....... 3 4.6
: “ | | 9060 Excitation Module.......... O | 7
" _ Special Configuration | | | 9070/71 Counter 1/0 Mod........ | 0] None
[~ Main Battery Volts... ) [ —
I_ Main Battew Curre“t___ 9055 High Volt Module............ . _D None
F Conditional Power Off... 9052 Filter MOQUIE.....co.coveeeee [] 5§ 812
X Battery Saver.. . Dl
% Self Calibration 9058 Isolation MOAUIE.......... [l of wone
[~ Monitor Status...
TOTAL (3 fixed + 9 user selected) 12
Print | Cancel | Done | Help
Card A Capacity Card B Capacity
@ M bytes {® M bytes
Campbell Scientific P 08~ & bytes [ 2048.0 O 6 byles

FIGURE 78 DAQ CONFIGURATION

B 5CAN COMTROL ? X
- Scan Interval
:l uSecs Scans to Buffer
| 40000 | mmiﬁ
Scans/Second
| 25.0
® uSeconds (' Seconds
|~ (' mSeconds (' Minutes
Help | Print | Done | Cancel |

FIGURE 79: DAQ SCAN INTERVAL




B VOLTAGE BLOCKS ? ot
Block Count FREE CHANNELS
IT Al 74 Single-Ended or
. 37 Differential
Click on Block button to configure
Count Mult Offset Range Time

Block 1 15 1.0e0 0.0e0 1000mV  2040uS
Block 2 15 1.0e0 0.0e0 1000mV  4040uS
Block 3 JDiff 1.0e0 0.0e0 5000 mV  3210uS
Block 4 0 = = = us
Block 5 0 = = = us
Block 6 0 = = = us
Block 7 i - - - us

Help | Print | Done |

FIGURE 80: DAQ VOLTAGE BLOCK
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DATA TABLES X Public
[ O sG | Ortaves |  OTables |
eaL | @PT | Q sp Default | [DefauitAlf] Help | Print | Done |
- Double-click in a cell to change from the current value to an | Saye Aliases.... &
40000 uSecs per record. [X Smp [~ Max [~ Min [~ Avg exception value. Press Default All to set all cells under Save Units........ ]
1 Scan per rec. [CLcH [TRM [ Hst [T Std B UNITS, MULT, and OFF SET to their default values. Save Scalars... ©

FIGURE 81: DAQ VOLTAGE BLOCK 1 (AIR BLADDER PRESSURE)




B BLOCK 2 VOLTAGES ? * |y FIELD NAMES (BLOCK 2 VOLTAGES) ? kY
SCALING MEASURE SENSOR COUNT FIELD NAME |ALIAS UNITS MULT OFFSET SOLVE
. RANGE I—_1 = VBlk2(1) AD : 0.88 IT:] CALC
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1 - ——
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flScainegEc [CLeH [TRMH [ Hst [ std UNITS, MULT, and OFFSET to their default values. Save Scalars... ©

FIGURE 82 DAQ VOLTAGE BLOCK 2 (HYDRAULIC RAM LOAD)
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FIGURE 83 DAQ VOLTAGE BLOCK 3 (STRING POTENTIOMETERS )
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B9 SLOT &, BLOCK 1 FILTERED VOLTAGES ;? FIELD MAMES (SLOT 8, BLOCK 1 FILTERED VOLTAGES ? >
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FIGURE 84: DAQ FILTERED VOLTAGE SLOT 8 (STRING POTENTIOMETERS )
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FIGURE 85 DAQ FILTERED VOLTAGE SLOT 9 (STRING POTENTIOMETERS )




B9 SLOT 10, BLOCK 1 FILTERED VOLTAGES

;7 FIELD NAMES (5LOT 10, BLOCK 1 FILTERED WOLTAGES) ? x>

SENSOR COUNT | 1 il
SCALING MEASURE
Multiplier RANGE
12| O s000mv
Offset @® 1000 mV
0 4 C200mv
Solve 50 mv
20 mv
CALIBRATION EXCITATION
[ Cal On Site | C 10 Volts
® 5 Volts
Zero Flag |E 10 mA
C off

FIELD NAME | ALIAS UNITS MULT OFFSET SOLVE
FvBik110(1) [0 0.2106 CALC
Default | [DefaultAl|]  Help | Print = Done |

FIGURE 86: DAQ FILTERED VOLTAGE SLOT 10BLOCK 1 (STRING POTENTIOMETERS )

(5 SLOT 10, BLOCK 2 FILTERED VOLTAGES

;? FIELD MAMES (SLOT 10, BLOCK 2 FILTERED VOLTAGES)

SENSORCOUNT | 5 il

SCALING MEASURE
Multiplier RANGE
12| ©s000mv
Offset 1 1000 mV
| 0 2| ©200mv
Solve ® 50 mv
i 20mv
CALIBRATION EXCITATION
[ Cal On Site | C 10 Volts
@® 5 Volts
ZeroFlag [[5 | 10maA
C off

FIELD NAME
FVBIk210{1)
FVBIk210(2)

FVBIk210(3)
FVBIk210{4)
FVBIk210(5)

SKIPSG
8G1
5G2
8G3
5G4

Default |

Default All

Help | Print | Done |

FIGURE 87: DAQ FILTERED VOLTAGE SLOT 10BLOCK 2 (STRAIN GAUGES)



[ SLOT 11, BLOCK 1 FILTERED VOLTAGES | &£ FIELD NAMES (SLOT 11, BLOCK 1 FILTERED VOLTAGES) ? 5
| FIELD NAME OFFSET SOLVE
SENSORCOUNT | 6 = FVBIK111(1) TS
SCALING MEASURE FVBIK111(2) 0| CALC
Multiplier RANGE FVBIk111(3) 0 Eﬂtﬁ
1 il ) 5000 mV FVBIK111(4) 0
FVBIK111(5) ol caLC
Offset 1000 mv
- FVBIK111(6) ol caLc
| 0 il 200 mv
Solve ® 50mv
20 mv
CALIBRATION | EXCITATION
B cal On Site | C' 10 Volts
{® 5 Volts
ZeroFlag|[5 | C1gma | [
C off

Default | | Default All|

Help | Print | Done |

FIGURE 88 DAQ FILTERED VOLTAGE SLOT 11(STRAIN GAUGES)

FIGURE 89: DAQ FILTERED VOLTAGE SLOT 12(STRAIN GAUGES)

































































































































