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Abstract

Concrete railroad tehavebeen used ithe United Stags forover 125 years, and
prestressed concret@noblock ties aremost commonly used. imonoblock tiedesign, flexural
strengthof the prestressed tis used to predict the tieapacity.Current tie desigprocedures
vary from manufactuerto manufactugr. American Railway Engineering and Maintenanck
Way Association (AREM) setstheflexural design standard foll @restressed tieAREMA
also stipulatesritical positiondor loading and limitsconcretecrackpropagabn totheouter
layer of reinbrcement on the tensile surfacetloé tie Considering the complexity of prestressed
concrete tidoehavior especiallgostcrackng and varying ballast support conditigasstudy
was conducted testimatethe flexural capacity afnonoblock tis under pratical load andrack
systemthrough computational simulation.

A computational tool was built and was verified theoretically and validated
experimentally. The program focused on performance of prestressed comonetaock tie
underflexible design assuption. The tie flexural responses (crack propagation, deflection, and
slope) were analyzed by utilizirgnomentcurvature relationship and M/EI diagram
incorporating momerdrea theoryThe computational tool is well suited to analyze varying
support conitions and is also naturally parameterized to facilitate Monte Carlo analysis of tie
behavior. Thus, it is expected that the major outcome of the proposed research will be an
uncertaintyinformed analysis of concreteonoblock tieflexural behavior that ay, in turn, lead

to reliability based concretaonoblock tiedesign.
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Abstract

Concrete railroad ties have been used in the United States for over 125 years, and
prestressed concreteonoblock ties are most commonly used. In monoblock tie design, flexural
strength of the prestressembnoblocktie is used to predict the tie capaci@urrent tie design
procedures vary from manufacturer to manufacturer. American Railway Engineering and
Maintenanceof-Way Association (AREM) setstheflexural design standard for all prestressed
ties. AREMA also stipulates critical positions for loadiagd limits concrete cragkropagabn
to theouter layer of reinforcement on the tensile surfadhefie. Considering the complexity of
prestressed concretedigehavior especially postracking and varying ballast support
conditions, a study was conducted to estimate the flexural capacity of monoblock tie under
practical load and track system througimpaitational simulation.

A computational tool was built and was verified theoretically and validated
experimentally. The program focused on performance of prestressed concrete monoblock tie
under flexible design assumption. The tie flexural response(prapagation, deflection, and
slope) were analyzed by utilizirgnomentcurvature relationship and M/EI diagram
incorporating momerdrea theory. The computational tool is well suited to analyze varying
support conditions and is also naturally paramzgerio facilitate Monte Carlo analysis of tie
behavior. Thus, it is expected that the major outcome of the proposed research will be an
uncertaintyinformed analysis of concrete monoblock tie flexural behavior that may, in turn, lead

to reliability baseadoncrete monoblock tie design.
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Chapterl-l nt roducti on

The proposed research deals with théguenance of concrete railroadonoblockties
for use in modern, commercial railroad track installations. The loaded behavior of these ties is
fundamentally linked to the condition of the supporting ballast which is known to change over
time. As such, thenalysis of concretmonoblock tieflexural behavior must be capable of
capturing these support effects. In practice, cross tie design procedures do not consider these
effects, and this may lead to insufficient prediction of tie performance.

Background

Prestressed concreteonoblock tiearecommonly used in North America. As the
number of concret®onoblock ties has increasd, safetyhas beem growing concerrAccording
to the Federal Railroad Administration, Office of Safety Analysis, from Januaryt@@thé
present date, there have been 449 railroad accidents related to rail gauge widening and of the
449,315 are linked to defective or missing cfiss. Various researchasbeen conducted to
gain better understandimg concrete railroad failure modeibsequently to improve rail safety.
Furthermore, flexural cragkg has been indicated as onetloé mainrailroad tiefailure modein
North America. To better understatik flexural behavior of prestressed concrete railroal tie
can help to prevent flare due to flexural crack#ccording to University of lllinois at Urbara
Champaign (UICUC), flexural cratlg is one oftheleading failure modgfor concrete
monoblock tisin North America(Yu, Jeong , Marquis, & Coltman, 26)

The current concretailroad tiedesign standardAREMA chapter 30specifieshe
flexure strengtlat critical crosssections as theritical design element. The design flexural
strength igequiredwithout crack or crackropagatiordimited to theoutermost layer of
reinforcement on the tension surface of railroadAREMA, 2020) Accordingly, current
concretemonoblock tiedesign practice involves checking thectional moment capacity at these
critical sections andnsuring the allowable moment capacity can be sustained. Such sectional

analysis can be conducted efficiently with simplified methods.



Objectives

Sinceconcrete monoblock tigexural strength isdentified by AREMA(2020) as the
critical design elementind because ballast support conditions are fundamentally linked to the
flexural behavior of thenonoblock tiesan analysis methodology capable of accurately
modeling the flexural behavior of the prestressed conclateeat and the support condition is
required. Consequently, the purpose of this research was to develop a computational tool to
predict linear and nonlinear deformations of prestressed comeneiablocktie underselected
ballast conditios and applieddads. The computational toolasfurtherverified theoretically
and validated experimentallThe program includes function of desigmd analysis. To design a
new tie, the prograranbe used to check design criteria befooaductingAREMA tie tesing
for design approval. Furthermoregtprogram can be used to analyze flexural related failure for
monoblock ties which can, in turn, be used to predict tie flexural strength and crack propagation

for comparison with AREMA design requirements

Organization of Dissertation

Chapter 2 gives background prestressed concretailroad tiesand summarizethe
railroad tiecorrelatedesearchln addition,this chaptedescribes the designd analysis
considerationgcludingcurrent design specificatien

Chapter3 details the application of the center negative bending test exitiing and
new ties, estimating the loatkflectioncurvefor furtherused tovalidate the developed
computational program. Additionally, this chapter also details the appliatabefining key
material properties following ASTM standards for further modeling needed.

Chapter 4ntroduceghe development of th@oment curvaturbased computational
programto capture tie response behavior. This chapter goes through the thewylekural
behavior to code development methodology.

Chapter 5 evaluates the developed numerical program theoretically and experimentally.
The program is verified through three stages of comparison, including hand calculation, code to
code compason,and existing example. Furthermore, the validation is conducted through
comparisorwith experimental results.

Chapter 6 describes the methaddincertaintyanalysisin the tie flexural behaviofThe
results can help tmprove design procedwsand increae understanding of observed tie failure.

Chapter Tconcludes the findirgthroughout this research.

2



Chapter2-Lt er ature Review

Railroad ties arean essential component of wadly, integral parts of a railroad track
system ardastening systesprails, railroadties, andstoneballast.The purposes of tieare
transmitting tack load, maintaining position of rail gauge, r@sisting lateral and longitudinal
movementgKerr, 2003) Timberandconcrete are theommonly useanaterialfor railroad ties,
other materialgsteel and plastic) are also employ&tinberwas dominated tienaterialbefore
the end of World War lin EuropeanConcrete becamane ofthetie materialsdue tohigh
demandand supply shrinkagef timber materialThereare two types of concrete tie: prestressed
monoblock tie and reinforced twwock tieshown inFigure2.1.

The twoblock tiehasheavily reinforced concretdocksconnected by a steel ro@ihetie
has ballast contact area conitated on the both end which reducing cracking atceiter, and
increasing lateral resistance. Additionatlye tie is more economical in production and
handling. The development of the tie began earfy@mtury, and the tie waslopted and
widely used after World War I{Kerr, 2003)

fPrestressed Concrete
(a) Monoblock Tie
/—Remforced Concrete Steel Bar

(a) Two-Block Tie
Figure 2.1 Type of Concrete Tie(AREMA, 2020)
In late 19" century, United State and France were seekingéoconventional concrete tie.

However, the attempts were failed by the reason of cracks-gesdibnd raitenter, and without

proper fastener system. One century later, the conventional reinforced concrete tie was



successfully used in Hungarian wittheel load limited to 20,000 Ibs and speed up to 50 mph
(Kerr, 2003)
The improvement in crack under axial load could be made by employee prestressing

method in concrete ti€restressed concrete reinforcement has beetepsened prior to
concrete casting. The precompression force improves ductility and resistance to external load
(Mitchell & Collins, 1991) High strength concrete is used to ensure that the prestressing force is
fully transferredo concrete before reachitigerail-seat, and it improves crack resistance and
reduces prestress losgetanna, 1979) Furthermore, stability and performanceladtrack
system is enhanced when monoblock ties are empl@erthany hadnearly attempt to utilize
prestressing method in crosstie in earl{ 26ntury, unfortunately it was not successful due to
lacking of advance understanding in prestressed concrete technology. After the finding in
behavior of prestressed coat member subjected axial load, the development in prestressed
concrete tie became popular after 1945 in EurGopacrete ties were first used in 1893 in the
United State as recorde(Hanna, 1979)and more interest in utilizg prestressed concrete
technology began around 1960 as alternatressie option.

Concreteies areexpected to last twicaslong astimber ties(Yu, Jeong , Marquis, &
Coltman, 2015) However,theconcreteie may notoe able to reach its designed service life due

to varyingfailure typegVVan Dyk, 2014)

Rail-Seat Deterimtion (RSD)

Shoulder/Fastening System Wear or Fatigue
Cracking fromEnvironmental Chemical Deterioration
Flexural Craks (ail-seat crack anthil-center crack)
DerailmentDamage

Other (e.g., manufacting defect)

= =2 =4 A4 A4 A -

Tamping Damage

TheUniversity of Illinois at Urbana&Champaign (UIUCyonducteda survey internationally and
domesticallyto rankcritical issues in concretmonoblock tiss showing several distinct concerns
Tamping damage was the critical problentsideof the United Statg and RSD and

shoulder/fastening system wear or fatigue were the aomsmonissues in North Americ@/an



Dyk, 2014) UIUC has conductesdtudiesn RSD and fastening system damage by Zeman
(2010)and Chen et a{2014) Flexural crack areone of the failurenodes but limited studes
have been conductedWolf, 2015) An incident at Bronx, NY in 2018wolveda CSX
derailment orthe Metro-North track mainly caused by degradadnoblock tiewith poor
support condition (centdround supportjMarquis, LeBlanc, Yu, & Jeong, 2014)

Recent researategardingconcretemonoblock tiencludes railseat deterioration,
concrete materials, cracks, flexural bending ataailter, and prestressing transfer length
according to Edward®019) Ballastsupportsignificanty influences monoblock tie
performance, ancesearch has been conducted to examine tie failuregmotihevarious ballast
supports through experimental work by Bag&16)and Finite Element (FE) modeling by
et al.(2011) As flexural demand increases it becomes important to focus on tie cafauiyal
studies focused on optimization of tie capacity without changing thenture geometry in
order to accommodate heakmgul railway deman¢_utch, 2019;Harris et al. 2011 )However,
relatively limited research is focused on monoblock tie behavior under bending especially after
cracking. Closely related research was carrigtidoy Wolf (2015) Considering the current
empirical design approach, Wolfds research
through varying ballast pressuiolf, 2015) Wolf found flexural demand of tie is highly

dependent on the ballast condition which is hard to prethet.analysis method used Euler

Bernoulli beam theory and complied with AREMA

research Wol f ¢ on crient desigh recommaendatoR iE ddAséngative in
assuming raibeat load aastatic point loadA R E M Aa@ssimption igurther used inthis

research fodevelopinghe design/analysisomputational tool.



Prestressed Concretélonoblock tie Design Consileration

The primary failure mechanisms of concrete monoblock ties areseaailabrasion,
flexural at raitcenter, and rail fastener failure accordiadherail industry in North America
(Lutch, 2009) Flexural strentp of monoblock tis can be determined if the rakat load and
ballast support conditi@are known. However, tie supporting conditions are variable, and it
significantly affectanonoblock tiedesign.

Ballast Supports

As theflexural demand of the montuzk ties vary, it is important to know the tie
flexural behavior under various supporting conditiartee ballassupportcondition isknown to
changg overtime due to repetitive loadg, andthis direcly influencestie capacity to resist
bending. The faickballastundermonoblock tisis tamped regularljo ensure track alignments
and ideal ballast support. Thallastis typicallytampedunder raidseats and light tamping at
rail-center, resulting itack of center support shown kigure2.2 (a). The center support
gradually forms after cyclic train traffic ihigure2.2 (b). Subsequentlyballast support becorae
uniform inFigure2.2 (c). Without proper track maintenance, thatee bound condition may
occurin Figure2.2 (d).

Varying ballast support results in diverse pressure between tie and ballast. According to
AREMA average ball ast pr e sqgalityabrasiosresistantd { ad t Do
(AREMA, 2020) The computation of ballast pressure assumes uniform distributed pressure, and
it can be calculated yquation2.1. The ballast pressure limitation can be reduced depending on

ballast material quality.

5001 GORH D i 6+o—LITELT yygi 0 Equation 2.1

P: Wheel load, kips

IF: Impact factor, %

DF: Distribution factor, %

A: Bearing area of concrete monoblock tie? in



TTITTTTTTTTTL}TTTTTTTTTTTT a=0 TTTTTTITTTTTLLTTTTTTTTTITI

(a) After Tamped

g

ey
=HE

R ——

_TTTTTTTTTTTTL}TTTTTTTTTTTTTTTTTT;;TTTTTTTTTTTTTTTTTTTLLTTTTTTTTTTTT_

'1L € '%'

ke I
1 L T

(b) Partially Consolidated

R i

[1] [l

— —

TTTTTTTTTTTTLJTTTTT1TTTTTTTTTTITTTTT]T1TTTTTTTTTTTTTTELTTTTTTTTTITT

(c) Consolidated

L1 L]

(d) Center Bound

Figure 2.2 Monoblock tie reactions(International Union of Railways, 2004)



Flexural Crack

Flexural cracks can be induced from bieigdof the tie. Positive bending develops cracks
at the bottom, conversely cracks at the top of tie are produced by negative bending. The
governing locations in flexural design are 1sglat positive bending and ragnter negative
bending(Edwards, 2019)With the track freshly tamped, there is little or no support at center
travel way of rail path. The radeat has greatest interaction, and the maximum positive moment
occurs here. Once the ideal uniform ballast is ackieweéhout proper track maintenance
concentrated pressure arises under the centeondblock tis where the center bound support
condition gradually formsSubjeced torepeag¢dtrack load, vertical deformation of railroad tie
produces ufand-down pumjng actionwhich leadsto pulveriationof the ballast material
underneath raieat and tie deteriorati¢hutch, 2009) Without proper maintenanceenter
boundballastconditionmay be formedThe large negative momiemccus at center of the tie,

resulting flexural failur€Lutch, 2009)

Design SpecificationrAREMA (2020)

The currentailroad tiedesign specificatiolAREMA Chapter 30 Part 4 prales
recommendations in concrete tie desifime maximum allowable stresses approach is
recommended for prestressed monoblock tie design. The recommendation includes materials,
dimensions, loads, et€he requirements for tie dimensions are address8eciion 4.3
(AREMA, 2020) where
Length:p 20 wee
Bottom Width:0 Pe
Top Width:0 @ drom rail-seat to radend
Depth.pe Q p e

= =/ =A =4 -2

Concrete Cover: min 1JoO

The typical governing locations for tie deformation are sadt or racenter, depending on
tie ballast condition. These two ldmns are evaluated for designing flexureradnoblock tie
At the railseat, the positive bending momgit , is the critical case. The governed support
condition is without support at center of tie where the track just been tamped. Thus, th AREM
standard recommends zero center reaction faciéo determine unfactored design positive-rail

seat flexureEEquation2.2). The standard gauge distance isiii€hes, and is recommended for
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use inEquation2.2 andEquation2.4 (AREMA, 2020) The rail seat loadR, is calculated using
Equation2.3. In Equation2.3, the recommended axle load (AL) is 82 kips for freight traffic. The
distribution factor is defined by Figure-301 in (AREMA, 2020)with corresponding tie

spacing. The tie spacing is segted between 2@ches to 3dnches, increasing tie spacing

results in higher wheel load applied on the tie. The impact factor is incorporating dynamic effects

into design load, and a 200% increase is recommended.

P 3
g ¢0 Q | ¢Q O

"Q  YihQaQniQ¢ Equation 2.2
Y ™60 00p 00@QQNI Equation 2.3

L = Length ofmonoblock tie
g = Rail centetto-center distance
s = Raitseat width

Another critical case is the negative bending momient, at raikcenter, the tie is
lacking support at raiteats. However, thetrack is properly maintained, the center pressure can
be reduced. Furthermore, cenbound condition can be prevented. Therefore, the ballast
condition is assumed partially consolidated for computing design center negative bending
moment.Equation2.4 is used to calculate negative bending mometitout includingspeed and
annual tonnage effectlAREMA, 2020) The recommended can be found ilAREMA Table
30-4-1 where the value is within 0.66 to 0.84 depending on tie |{AREMA, 2020)

0 "Q 0 .. )
o E'Y _ p I C . . "QhQQn Qe Equation 2.4
¢ ¢qu P I ¢Q L

The factored design bending moment is taking speed and annual tonnage (V x T) into design
bending moment, and the factor may be determineedgoyation2.5. If the axle load byond 82
kips, the factor shoultetaken as 0.7. Also, the factor shoube 1.0 for axle load below 35hs.

WY minexd pg&cort Equation 2.5

Additional design considerations are recommended for tie flexure ddsgleg.1), and

prestressed concrete meblock ties design is recommended to comply with ACI 318 and PCI



design specificatio(AREMA, 2020) The tie is required to pass testing at critical locations to
approve thenonoblock tiedesign. Furthermore, AREMA 2020 defines the capgdinit is the
crack propagated to first layer of steel instead of concreteingushsteel rupture failur@_utch,
2009)

Table 2.1 Designconsiderations

Precompressivéstress O500 p$ at rail seat aree

Precompression 02500 psi at any location

10



Chapter3-Ex per i ment aMo nToebsli ossenkg o f

Flexural Test

Rail-seat positive and radenter negative are the governing sasdlexural design of
monoblock tes. Considering the crasection is generally reduced at center region of tie, the
capacity that could be sustained is relatively smaller copaparailseat. Additionally, the
center bound boundary condition induces large negative bending momertearegion of the
tie. Thus, ralcenter negative bending test was seleciée purpose of experimental work is to
collect loaddeflection data at five different locations along the tie to validate the computational

tool discussed in this work.

Test Setwp

The center negative moment tédtows section 4.9.1. AREMA Chapter 3(Part 4
(2020)specification. A fowpoint bending testing setup was followed. Tie was placed upside
down and simply supporteat the rail seatd'he ie was loaded on aiich spreader beam at
center, and maximum constant moment were created between loading points. Deflections were
measured at fivdistances from the centéne of the tie¢ andatotal of 10 liner variable
differential transformes (LVDT) wereused.These locations wetabeled from 1 to 10
following the direction East to West the testing laboratorfight LVDTs were measured from
bottom surface of tie with distance 70, 140 a
and#1) were |l ocated 20 from end of tie. LVDT#5
fromtopoftiesur f ace, | oc at erdriguneB.lshowsthe ddtail mositiorcoé n t
LVDTs and schematic of setup

A 5-power magnifying glass was placed in front of constaoment region and cracking
behavior were recorded by a camera @tdzehind the magnifying glaggsREMA, 2020)
Figure3.2 shows typical testing setup. A hydraulic actuator with-lps capacity used, and a
Keithley series 275@ata acquisition system was used to colleatiand displacememeadings
at threesecond intervals. The ties were loaded at a rate between 1,000 to 2,080rbsute
until first crackoccurred then the tie was loaded at ratied.02 inches per minute to failurehe
displacementontrolled loadingegionwas intended to promote more controlled failure of the

tie.
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Figure 3.1 (a) & (b) Schematicof four-point flexural test and LVDT placement

Figure 3.2 Typical flexural test setup
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Test Specime

Tiesselected forhte test includthree ties that were retired from service and six virgin ties.

Existing ties are over 25 years old and the material properties are unknowatiféteties had

surface degradatiobut overallwerein good condition for experiment. Newdigvere made by

previousresearctat KansasStateUniversity (K-State) andtheywere stoedat K-Stateandhave

never been loadg@cott, 2019)Three types of tie were selectdble3.1), in total, 9 ties

There were two typ€ ties and one Typ€ tie. Moreoverthere weresix CXT ties, including
two of each CXFWB, CXT-WD, and CXTWG (WB, WD, and WG referring ttype of
prestressing wire). Theritical crosssection was measuraad isreported in
Table3.2. The CXT ties were measured (Bodapati, 2018)CXT shape tie hathe geometry
valuesmeasured and calculated at each half inch increment, and it is USkdpter 5 for

program modeling and analysis.

Table 3.1 Description of tie design

: . Tendon| No. of Tendon

Tie Design Manufacturer Scallop Type | Tendon | Diameter

Existing Tie | TypeF FloridaEast Coast (F.E.C.] N.A. Wire 26 0.191 in.

Existing Tie | TypeC Con-Force Costain N.A. Strand 6 0.375n.

New Tie | CXT-505S CXT Yes Wire 20 0.209 in.

Table 3.2 Typical crosssection at critical location
Type of | Length Rail-Seat Center

Tie ,in A2 | 1,in* |hin |y in|ein |A in?> |[1,in* |hin |y in]|e,in
TypeF 99 73.36 | 373.97/8.23 | 4.16 | 1.48|52.53 |131.1 |5.88 |3.03 | 0.35
TypeC 108 |79.14 |381.23/8.5 |4.21 |0.96|59.56 |161.96/5.75 |3.36 | 0.11
CXT-505S| 102 |87.36 |634.72/9.31 | 4.55 | 0.64|59.50 |278.44|7.5 |3.70 |-0.22
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(a) End (b) Seat
Figure 3.3 Typical type-F tie cross-section

(d) End
Figure 3.4 Typical CXT tie cross-section

(b) Center

Figure 3.5 Typical type-C tie cross-section
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Test Result

The testing resustarepresentedsload versisdeflection (Pl ) ,  abefdundira n
Appendix A Figure3.7 to Figure3.11 show the average ressiwvhere tie is subjected to
maximum moment force. A trial test was conducted on QWB] tie, and theesult was
included. It resulteth a total of three experiments for CYWB] tie, and total of 10 tests were
performed.The cracking force was determined by visual observation during testirgdhackied
by reviewing recorded videdrigure3.6 shows the typical flexural cracking patteFor typeC
tie, the initial cracks occurred outside of canfeaang so the value was taken during the test.
Table3.3 presents flexure test results, includfogee at first crackPer) and ultimatgPur). The

experimental result shows the consistency in averaga® R from same tie design group.

Figure 3.6 Flexural cracking pattern

Table 3.3 Crack and ultimate force of each test

Pcr, Ibs Averle;)gse Per, Putt, Ibs Averlabgse Putt, Per /Put
CXT_WB_Trial 20,430 39,999
CXT_WB1 | 21,790 21,069 41,010 38,795 0.543
CXT_WB2 | 20,987 35,376
CXT_WD1 | 20524 37,998
CXT_WD2 | 21,090 20,807 38,675 38,337 0.543
CXT_WG1 | 21,000 38,098
CXT_WG2 | 20833 20,917 37,567 37,833 0.553
F-1 (F3)| 10,958 19,005
F-2 (F4)| 10500 10,729 19735 19,370 0.554
C-1(C5)| 13500 13,500 23,014 23,014 0.587
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Figure 3.7 Load-Deflection curve for CXT-[WB] ties

CHT-[WG]_LVDT@Center

05

45000
40000 4
35000 -
30000
25000

20000 -

Faorce, los

15000 A
10000 -

5000 4

CXT-[WG1]
e OXT[WG2]

I !
02 03 04

Deflection, in

Figure 3.8 Load-Deflection curve for CXT-[WG] ties
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Figure 3.9 Load-Deflection curve for CXT-[WD] ties
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Figure 3.10 Load-Deflection curve fortype-F ties
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Figure 3.11 Load-Deflection curve fortype-C tie
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Material Properties
Thegoaof this section i s to obj¢§andyno ucnognécsr et e
modulusof elasticity(Ec) to model tie behavior accurately. The specimens were obtained from
ties used in previous flexure tests. The ties were saw cut into a minimimohl2rgth. Then
cores were drilled perpendicularttee crosssection of tie between raéind to ralseat region

where the tie was not damaged fromvous experiment, shown Figure3.12.

¥ e I

Figure 3.12 Saw cutting and drill coring tie

Due to the reinforcement pattern in railroad tie, the core size is limitethtth2liameter. The
procedures foll owed | atest ASTM C42/ C42M. At
from each tie. The t estbeinggawsud inmp pretesed lergth.eThes i z e
samples were capped to ensure the end surfaces were patakglede of compression

machine Figure3.13).

ki T s _ :
Figure 3.13 Capped concrete specimens
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Concrete Compregsive Strength (f©o

Fortheconcrete compressive strength test, three cylinders were prepared for each tie, a
total of 21 concrete cylinders. The specimerse measured pridesting. Diameter was
measured at top, middle and bottdrength was measurdldree timesl20 degreg aparbefore
capped. The measurements are present€dhbte3.4. The overall length to diagter ratio (L/D)
is 20 which is above 1.75 so the strength correction factor is not required according to ASTM
C42/C42M section 7.2.(ASTM Standard C42/C42M, 2020)

To determine compressive strength of concrete cylindestlASTM C39/C39M
standard was followed. Specimens were loadedateof 35 psi per second to failure, shown in
Figure3.14. The compressive strength was calculate&dpyation3.1 as stated in ASTM
C39/C39M(ASTM Standard C39/C39M, 2020)

10
113 ’O

Equation 3.1

Table 3.4 Drilled cores measurement and compressive strength

Specimen| dave, In | Lave,in | L/D Pmax, Ibs | f'c, psi
WB-1 1.98 3.97 2.01 33,923 | 11,040
WB-2 2.01 4.00 1.99 29,712 9,395
WB-3 2.01 4.04 2.01 37,214 | 11,785
WD-1 2.00 4.03 2.01 21,370 6,794
WD-2 2.00 4.00 2.00 23,744 7,559
WD-3 2.00 4.01 2.01 32,909 | 10,479
WG1-1 2.01 4.09 2.04 31,251 9,868
WG1-2 2.01 4.03 2.00 33,827 | 10,669
WG1-3 2.01 4.03 2.00 27,721 8,751
WG2-1 2.01 4.02 2.00 31,768 | 10,033
WG2-2 2.00 4.00 1.99 28,281 8,968
WG2-3 2.00 4.04 2.02 26,205 8,327

C51 2.01 4.02 2.00 21,361 6,762
C52 2.01 4.02 2.00 23,218 7,332
C53 2.01 4.06 2.02 22,256 7,019
F4-1 2.02 4.05 2.01 18,883 5,918
F4-2 2.01 4.01 1.99 19,877 6,257
F4-4 2.01 4.00 1.99 18,926 5,956
F3-1 2.00 3.98 1.98 21,781 6,901
F3-2 2.00 4.02 2.01 25,343 8,053
F3-3 2.01 4.06 2.02 19,937 6,309
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Figure 3.14 Compression test
Detailed testing results could be foundliamble3.4 and the average cgressive strength is
shown inFigure3.15. Same tie and same design group show variations in compressive strength

which can be observed from testing results.

Compressive Strength
12,000 5
[o]
o o]
10,000 o °
o]
o [e]
8,000 ° o
@ Q
.g- o 8 o
~ 6,000 g o
_U
o
4,000
2,000
10,740 8,277 9,763 9,109 7,038 6,043 7,088
CXT_WB CXT_WD CXT_WG1 CXT_WG2 Type-C Type-F (F4) Type-F (F3)
Tie Type

Figure 3.15 Average compressive strength
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Concrete Modulus of Elasticity (E)

This section includes actual concr&t® u nmgodwdus of elasticitpbtainedthrough
experimentavork. The test utilized ASTM C469/C469M specificatidime sample was-ich
by 4inch concrete cylinder. A total of 14 cylinders were prepared, and each tie had two samples.
The samples were measured before being capped, and the dimensions areTlaiBib. The
gauge length is-ihches, aseacommended by ASTM C469/C469M. Thus, the yokes were one
inch from cylinder end at each side. The cylinders were tested using a Schimaduz Universal
machine with loading rate at 0.05 inch per minute. The specimens were loaded toth8% of
averagalltimate bad Table3.6). A LVDT was used to capture displacement, and a Keithley
series 2750 data acquisition systemsused to collectlatareading. The test setup is shown in
Figure3.16.
Table 3.5 Specimen measurement

Specimen| dl d2 d3 | d average] L1 L2 L3 | L average| L/D
WB-1 | 2.006 2.007 2.008| 2.007 | 4.016 4.023 4.026| 4.022 | 2.0
WB-2 |2.001 2.008 2.002| 2.004 | 4.034 4.035 4.038]| 4.035 | 2.0
WD-1 |[2.001 2.008 2.003| 2.004 | 4.039 4.016 4.019| 4.025 | 2.0
WD-2 |2.002 2.001 2.000] 2.001 | 4.383 4.336 4.334| 4.351 | 2.2
WG1-1 | 2.010 2.009 2.007| 2.008 | 4.014 4.032 4.038| 4.028 | 2.0
WG1-2 | 2.007 2.005 2.003] 2.005 |4.0.36 4.026 4.036] 4.031 | 2.0
WG2-1 | 2.007 2.008 2.012| 2.009 | 4.557 4.537 4.536| 4.543 | 2.3
WG2-2 | 2.002 2.011 2.007| 2.006 | 4.027 4.016 4.009| 4.017 | 2.0
C51 2.006 2.012 2.006| 2.008 | 4.016 3.983 3.999| 3.999 | 2.0
C52 2.007 2.008 2.014| 2.009 | 4.022 4.019 4.011| 4.017 | 2.0
F4-1 2.013 2.011 2.023| 2.016 | 4.072 4.093 4.099| 4.088 | 2.0
F4-2 2.013 2.014 2.013| 2.013 | 4.075 4.095 4.069| 4.080 | 2.0
F3-1 1.999 2.009 2.008| 2.005 | 4.019 4.028 4.015| 4.021 | 2.0
F3-2 2.008 2.008 2.013| 2.009 | 3.871 3.867 3.868| 3.868 | 1.9
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Table 3.6 40% of the averageultimate loading load

40%Pmax Ibs

CXT_WB 4296
CXT_WD 3311
CXT_WG1 3905
CXT_WG2 3644

TypeC 2815
TypeF (F4) 2417
TypeF (F3) 2835

s %
~u [~ 4
g 2
- =
o
F 5
= 3
- -
7
b

Figure 3.16 Typical Y o u n madldus of elasticity setup

TheY o u nrgoduus of elastity can be calculated by usifguation3.2 as below:
Equation 3.2

o Y YT- -

In Equation3.2, & is the stress at 46 of ultimate load, and corresponding striais. Ul
strain at 50 millionths, anch $ the corresponding stre@STM Standard C469/C469M, 2014)

Th e1 mBybe beyondhespecifed point as shown irFigure3.17 to ensure the load is fully

applied.

23



Stress-Strain
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Figure 3.17 Typical testing result in stress versus strain

The calculated &s presented ifable3.7. For sample F3, the test data is invalid so it
is eliminated, same as first test of WG1 specimen. For new design tie(@Uj the result
shows WBdemonstrates greater E valdlan others even though they had concrete release
strength arond 4,500 ps{Bodapati, 2018)WG2 and C5 have differenewithin 3%, and

approximately 30% variance is observed in WG1.

Table 3.7Y o u n gaalidus of elasticity test results

Specimen | Ec_1 ksi | Ec_2 ksi | Ec_3 ksi | Average ksi
WB-1 8995.92 | 8053.74 | 8212.55 8420.74
WB-2 6612.85 | 7139.48 | 7421.90 7058.08
WD-1 3731.03 | 4717.06 | 4058.103| 4168.73
WD-2 2815.27 | 3349.56 | 3670.82 3278.55
WGI-1 3344.55 | 3617.87 3481.21
WG1-2 4294.08 | 4832.99 | 4590.62 4572.56
WG2-1 3825.73 | 2622.34 | 3926.68 3458.25
WG2-2 3417.42 | 3491.39| 3796.97 3568.59

C51 2537.69 | 2544.27 | 2379.74 2487.23
C52 2252.04 | 2485.481| 2925.10 2554.21
F4-1 4606.43 | 4380.14 | 4721.488| 4569.35
F4-2 3797.94 | 3221.35| 3170.07 3396.45
F3-1

F3-2 1673.16 | 1874.17 | 2123.672| 1890.34
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Flexural Test with Digital Image Correlation

One additional test was conducted to locate first crack. Same flexural test setup was
employed, and a digital image correlat({@iC) system was used to capture tie defation at
constant moment regioBIC measures structure deformatiomsedon an optically norcontact
and nonrinterferometric methoigital images were captured throughout the testing, and image
analysis was performed by GOM ARAMIS Professional 202vsoe. DIC measurement was
based on the correlation between selected reference image and distorted images.

A CXT 505S [WJ] tie was selected. Center region of the tie was patterned since the tie
has a smooth surface without natural textlitee pattern waapplied on the front surface with a
thin layer of white background. Then an average 0.08 intl®e82 inchesliametemlackdots
were applid, and patterning dot size should be slightly vateedfficiently minimize noise

shown inFigure3.18. A good pattern was recommended approximately ratio of 50 to 50 white

and dark pixelsPer facet sizeontains3 to 5 pattern features per facet size.

e T LT TR ST A -
e M,‘"-,j' whraidoe 3

DI C pattern

Elgure

The selected DIC measuring system inclu@&M ARAMIS Adjustable2D/3D 12 megapixels
(12M) camera system, and GOM testing controller. For this experiment, strain in horizontal
direction was the quantHgf-interest (QOI), and regieaf-interest (ROI) was beteen loading
points. SteredIC was used two cameras walrecommended camera angtedegrees and
16.93inches camera distance. ARAMIS adjust based was pm@dximatelytlinches away
from specimen parallellyDetail DIC parameters are listedTiable3.8, and typical DIC setup

shows inFigure3.19.
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Figure 3.19 Typiél

s .
e

DIC setup configuration

Table 3.8 Digital image correlation parameter (Jones & ladicola, 2018)

DIC HARDWARE
PARAMETERS

Description

Camera Manufacturer,
Model

GOM ARAMIS Adjustable 2D/3D

Image Resolution

Image Size

4096 x 3000

4096 x 1000

Total number of pixels contained @m image (width
x height)
Partial image 1/3 height

Lens Manufacturer, Model,
Focal Length
Length of FOV

Schneider Xenon Opal 2.8/®05
12mm
1150.11mm (45.28.)

Region of space projected through lens system on
camera detdor

Average Image Scalg

SterecAngle

3.56 pixel/mm

25 degrees

Number of pixels used to record an image of a reg
of physical length

Angle between the optical axis of each camera
system

Average SOD

Image Acquisition Rate

1058mm (41.65in.)

7 Hz, plus 4 frequency divider 160
additional images

StandOff Distance/Measuring/Woikg Distance:
distance between aperture of lens and test specim

Frame rate

Patterning Technique

Approximate Pattern
Feature Size

Spray paint, black on white, 50%
pattern density

White: solid coat; Black: 0.08 + 0.02
inch

Method of patterning on testegimen

Approximate diameter of pattern features

Aperture
Calibration Object

/5.6 (rangef/2.8- f/22)
CC20/1400/CG1277

Variable opening by which light enters camera

GOM calbration parl CC20/1400/CG127Was used to calibrate sensors following instructions

from ARAMIS software. The calibration deviation was4B@ixels which is within the

deviation limit 005 pixels. To endure good contrast, a 75®en LED panel light washone
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onROI. A surface component was created with facet size 21 pixels and point distance 20 pixels
to ensure the system captured desired imadjeisting lighting environment woulldelp to
improvequality of surface component and reducing noise

Thespecimen was loaded following same testing procedure as menfidreeDIC
captured images at a fixed frame rate of 7 Hz, and an external trigger allowed for 4 clicks of 160
additional frequency divider images throughout the #sb of these clicks werargeting at
initial cracking occurredThe final two were spaced out during the displacerentrolled
loading region, either when a crack was audibly heard or as the load approached expected
failure.

The testing data was analyzed®®M ARAMIS Professinal 2020 software. PoHutise
inspection was conducted at midspan of the tie. No image filtering or smoothing was applied.
The analysis was focused on determined initial crackingram & x-direction washe
guantities of interesThe noise was withi acceptable range, thne Spatial and Temporal filters
applied to strain for a cleaner visual. Maximum strain was set at an ave&f#®qfm/m, and
minimum strain at an average-G60 um/m.The crackdevelopingdisplays astrain on the
surface compaentshown inFigure3.20. The testing result acquired from DIC systeam be
found inFigure3.21 andFigure3.22. The results were from the points (Point 13 and Point 14) in

theconstant moment region where the cracks occurred first.

IMTS Load
(DIM +19847 |bf]

MTS Load
IDIM -+27501 |bf}

IMTS Load
DIM +34842 |bf}

Figure 3.20 Typical DIC cracking developmentvisualization
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CXT 5058 [WJ] Load vs Strain-x
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15000 A
10000
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5000 -
3 — Point13 === Point 14
0 . . . . . . |
0 5000 10000 15000 20000 25000 30000 35000

Strain Um/m

Figure 3.21 DIC result of load v.s.strain -x curve for CXT-[WJ] ties (DIC)

CXT 5058 [WJ] Load Deflection Curve

45000
40000 4 e Mu=536.75 kin, Pu=39.70 K
35000 A

30000 A

25000 A

Load, Ibs

20000, fr Mer=262 kein, Per=19.39k

15000 A
10000

5000 A

0 T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Deflection, inches

Figure 3.22 DIC result of loadv.s. deflection curve for CXT-[WJ] ties
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Chapter4-Monobl oAkrkalTy i s Program

Concrete tisin North Americaarerecommendetb follow the AREMA standard. Part 4
of AREMA discusesgeneralaspects of the desigmaterials, dimensiongndloads.
Additionally, structural strength and testing metlayd includedor reinforcemerd pre-
tensioned prioto concrete castg (AREMA, 2020) Track system assws@ smooth and stable
railway andprovidessupportfor combined forces (vertical, lateral, and longitudinal force).
While trairs travelalongthetrack,concrete monoblock tiegsist dynamic wheel load
distributed by rail.

Considering thérack as a beam anelastic foundationhie load distribution is affected
by tie spacing, supporting condition, rail rigidity, and axle distdA&EMA, 2020) This
distributed load is transntitdto therail-seat, and it induces the bending forcesmamoblock
tie. Subsequently, concreteonoblock tis deform and degraxn response to this loatt.is
desirable to capture tie resg@behavior so that the predictionmibnoblock tiedeformatians
can be made

To predict tie performance, there are two criténe should beproperlypre-determined
track system (raiteat load and ballast support) and prestressed copcogterties (cross
section, prestressing reinforcement, concrete, crackiages, ety. Additionally, the tie cross
section may not be simple rectangle. To provide lateral force resistaatiopsare placed on
the side of tie tancreasdateral resistance which can be found in newer tie desidre scallops
resultin acomplex shape of tierosssection. A common dimension of prestressed concrete
railroad tie is minimum 8 ft. long to ensure adequate bond tra@dREMA, 2020) However,
tie geometry is not specified. In general crssstion § reduced at ratenter compared to ralil
seat, and the crosection shape is varied depending on tie manufacflioeinclude the effects
of changsin geometry, aumerical approach based on Mome€nuirvature principle is
employed for 1) design and 2)awysis of the flexural behavior of prestressed concrete
monoblock ties.

The computational tool is computing-® curve for each slice of tie where thedan be
divided into minimum half inch slice.tAhis stage, the cragiropagatiorcan be observed on
concrete strain diagranihen repeatinghe same processf computing MC curvealong the tie,

and the rotation can lieetermined a particular moment. Finally, deflection of tie is calculated
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by usingmomentarea method, additionalghangesn rail-seatcenterto-center spacing can be
defined.

Moment Curvature

MomentCurvature (MC) relationship represents the actual performance of nonlinear
material member subjesdto combined forces, and it is commonly used to analyze the cross
sectional behavior oktinforced concrete members. Prestressed concrete members are subjected
to axial stress from the prestressing force, exterrakiaill load, and bending moment from the
external load and from prestressing force eccentricity. It is desired that the meagbeiastic
but it isalsoimportant topredictmember capacity beyond elastic behavior.

The material flexural rigidity is the product of moment of inettiandY o u nrgodwss
of elasticity,E. Moment of Inertia depends on section geometry whitkepards on the material
properties of the member. For reinforced concrete the-sexgsn stiffness depends on the
amount of reinforcement, level of cracking, and change in strain distribution insectssn.

Thus, instead of directly usirigl as stiffnesgor the design, the reinforced concrete cesstion
stiffness couldedirectly determind from the slope of the MC curve which includes the effects
of materials, cracking, stiffness due to tendon, effective «esson redction, and long term /
shat term effects of prestressed concr@eawar & Najam, 2016)EI is the momenty, divided

by rotation," . Rotation is the ratio of the strain to the compressive depth when the member is
subjected to flexurAnwar & Najam, 2016)

To apply this method, it is common to apply condition of force equilibrium and
compatibility, additionally, incorporating constitutive behavior of material. The general approach
is to assume a value of concrete strain Vérating depth of neutral axis, and then iterate to find
a force equilibrium conditiorAs shown in Figure4.1, concrete strain distributiacould be
plotted based on the assumed concrete strain of compressive surface. Bianthand
stresses could be determined. Based on assumed strain value, the moment force can be calculated
once the force equilibrium conditioamachieved.Accordingly, the curvature value can be
determined. Repeating procedures with varying concnetim sif compressive surface, the®
curve can be completed for specific crssstion.
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Figure 4.1 Concrete stress distribution

Material Constitutive Relation

Concrete

TheHognestad modeik usedo detemine compressive stress in this resealtcis from
ARei nforced Co (Park&Raday,3975)lheconecrete strésdrain relationship
is show in Figure4.2.

Concrete Stress-Strain Curve

"”-'*-...
Kh " —
& . -

Stres, ksi
(5]

0.000 0.001 0.002 0.003 0.004 0.005
Strain, infin

Figure 4.2 Compressive concrete stress strain relationship
The assumed concrete constitutive behavior demonstrates linear behavior (solid lifégarine

4.2), until concrete stress reaches the eldistiit point which is commonly assumed 50% of

maximum concrete strength. Then, plastic behavior starts after the elastic range (dotted line in
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theFigure4.2), and the concrete stress begins to descend right after concreteatressgak
stress (daskot line in theFigure4.2). Completed curves estimated byequationd.1 through
Equation4.3 (Park & Paulay, 1975; AmerioaConcrete Institute, 2019)

Elastic Q O- Equation 4.1
Elastic- - N 0 C— — Equation 4.2
- -0.004 Q Qp pmAH - Equation 4.3

(Linear Decreasing)

f cOmaximum stress in concrete, ksi

Ec: concrete modulus, ksi

- . Strain that corresponds to pestkess, in/in

- : Concrete elastic limit stain at (C5 - T Q o » Infin

The strain corresponding to peak stress can be determined by $edwiationd.4 for - when

concrete stress is alastic limit point.

T®"Q "QL — Equation 4.4

Furthermore, tensile strength of concrete is asswapptbximatelyl0 percent oconcrete
compressive sength(Park & Paulay, 1975gand behaviors linearly up to maximum tensile

strength.

Prestressed Tendon

There are several equations used to estimate force in prestressed reinforcement.
Precast/Prestressed Concrete InstitBtel Design Handbook7Edition provides the design
stressstrain curve for Sevewire Low-Relaxation prestressing strand. The stress in prestressed
strand can be determined by uskguation4.5 andEquatiord.6, applying for tendon tensile
strengthat 250 ksi and 270 ksi respectively. For prestressing wire, a proposed wire strength
formula can be usedEQuationd4.7), this model is a modified Rambe@gsgood function from

research anducted at Kansas State Univerg{@hen Y:S. , 2016) By using this function, the
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corresponding coefficients are provided for general prestress wire, and the specific parameters

(K, Q and R) are also given for specificaitypes.

- miny ¢ £ ¢ i TR

PCI Strand (250) 8T Equation 4.5

COTEITXeA VT g e

- min v £ ¢ iRt
PCI Strand (270) Equation 4.6

& e . T8t T
- myu C X T BT X
~ Il
1 N 5 "
_ Q o ' ;
Wire Strength ' -0 Equation 4.7
Formula . P T7¢C -
u v Q ¥

K=1.0355, Q=0.0180, R=7.4386

Flexural Response
After material relationships are defined, the responsleedfexure in beam can be
presentedThe MomentCurvature is used, and the basic flexural theoryaar®llowingbelow:
Assumptions
M-C curve is the relationship of action with corresponding deformation.
There are three assumptions:
T Pl ane section remain plane: Navierdos hypot hi
1 Bond between concrete and reinforcement

9 StressStrain relationship of concrete and tendon

There are threeages of flexural beam behavior. The initial stage involves the strain from
effective prestress force. In the next stage, the beam undergoes elastic flexure with no cracking.
Finally, the beam deforms after cracking agplaysnonlinear material responsgherefore,

there are certain stages occurring in beam behavioathaecommendeid be defined for

constructinga completed-C curve.
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1. Initial, » , due to effective prestress in tendon wheegeMu=0

2. Cracking,)
3. Nominal Capacity? , where- T3 T O

Before loading, Mkemar0
For nonprestressed members, there are no stresses and strain prior to external load being

apdied. Contradictorily, prestressed concrete members are designed tedoenpressed via a
group of hightension reinforcement. This poempression enables the member to sustain higher
load. Under force equilibrium condition, pcempressiomelatesto the stain in steel.

Accordingly, the concrete undergoes stress and strain even though no exteriseppdidd. To
determine the strain in concretetla level of steel, the concrete strain distribution should be
computed first as shown Figure4.3. At theinitial stage, the strain in the concrete on top and
bottom of sectioms computed by usingquation4.8 andEquation4.9. The initial strain is varied

depending on the crosction and amount of tendon, since the loss and section properties are

changed.
" B L.)‘—Q Equation 4.8
0 Y
- (—) Equation 4.9
Etop .
r
hy
/
he
(€c)init
4 ‘L

ot
Figure 4.3 Concrete strain distribution at initial stage
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Since the location dhetendors are known, the preompressioris found by using
concrete strain distribution and similar triangle approatle. @ame methodks also usd to
calculate rotation at initial stage, .n Is the ratio of distance from concrete surface to
neutral axis to the correspand strain at top/bottom surface. The distance to the neutral axis can
be determined from triangle similarity of compressive and tensile strain zone or strain divided by

rotation

First Crack

Concrete resists the tensile force before cracking, and strength contribution from effective
prestressing is included. According to ACI 318, modulus of rupturd;, is calculated using
Equation4.10 where prestrssed concrete tie is designedCtass Uuncracked member
(American Concrete Institute, 2019)he theoretical cracking moment, , can be defined by
solving Equation4.11. The corresporidg curvaure,h |, is calculated according Equation
412

Q x® 'Q,psi Equation 4.10
0 0Q0 .
Q ~ oY = Equation 4.11
0 Y Y g
n 0 0 E tion 4.12
50 quation 4.

0 :the moment force from effective prestress force times eccentricity of prestressirg, kips

Ec Young 6 s m ofcelasticitysksi

After Crack

After initial cracking, the actual concrete stresses are no longer linear through the cross
section, and the internal compressive force of concrete could be determined by concrete stress,
f cOtimes compressive norete area. The concrete area is varied on the compression depth
which iteratively determines the force equilibrium. For the rectangular-seas®n, width of
crosssection is constant, the concrete force can be computé&tjbgtion4.13. Equationd.13is
obtained byntegratingthe Hognestad modeEguation4.2) times crossection width with
respecto variable x on interval zero to compressive depth. The distancetierantroid of

compressive block to neutral axis is determined fExyuation4.14.
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PR L N O .
0 wWQ—w p o Equation 4.13

e U oW :
o O0———r Equation 4.14
pe TW
X: compressive depth, in
n: ratio ofstrain at compression surface to compressive deptf, rad/in

If the crosssectionis notsimglr ect angul ar or the fAstress

dept h of {Midchell & EaiihselOA]) the sectia force can be evaluated laytey

layerasshown inFigure4.11.

} An ::CC[[

.,

fn

|
’

/

Strain

£,

Stress Area Force

Figure 4.4 Concrete stressstrain relationship (Mitchell & Collins, 1991)

A numeri@l approximation approach is used to determine the concrete compression
force,Cc. First, the compressive depth is divided into even &ayeihen, the stress is
computed by using Hogstad model at each layer, and the average stress is Eajketion
4.15). The resultant concrete compressive force is equal to the &essiltiplied by the
corresponding area at each inter&lbsequently, total internal concrete compressive force is
thesummation of concrete compressiorciofrom each layer.

0 0 .
1@ Equation 4.15
C
To avoid doublecounting the area of concredad steelthe area of reinforcement at each

layeris subtractedrom the area of concretat each layerareaof reinforcement can be

determind by computingarea ofasegment in a circldf the reinforcemenhasbeensliced into
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two segmentgFigure4.5), in this caserminor circularsegment can be computed by using
Equation4.16. Remaining circular segment can be computed by total area of circle subtracting

minor circular segment.

Figure 4.5 Minor circular segment

0 g YUY @i Equation 4.16

Yoy —

® Y i

R=radius of reinforcement, inch
a = chord length, inch

S=arch length, inch

@4 = central angle, rad

r = height of the triangular portiomah

If the reinforcement hasvo parallel chord®n the same side semctircle (Figure4.6
(a)), the area of reinforcement is the difference of two minor segn@nthe other handf, the
two parallel chords aren a different sde of semicircle Figure4.6 (b)), the area of

reinforcement is the total area subtradigdwo minor segments.
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(b)

Figure 4.6 Reinforcement has two parallel chords.

The model focomputing stress in prestressing steel depends on the level of strain. Strains

include three components as below:

1. - , strain in prestressing due to effective prestress after losses
2. - ,initial concrete strain at each layer of prestressieg stithout external load
3. - , strain in the concrete at each layer of prestressing steel under specified moment

The strain distribution is presentedrigure4.7, including the strain distribution before and after
external l@ad is applied. Total strain in prestheggsteel is summation of the three compongnts
and applied to theelected prestressing stresdgain modelTotal tensile fore is summation of
resultant tension forc@,, at each layer of reinforcement, @an becomputed by stress in

prestress times the area of prestressing reinforcements.
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Figure 4.7 Prestress steel strain distribution in different stagegLutch, 2009)

After theinternal forces are defined, the compressive défittan be found when force

equilibrium is satisfied where T = C. Subsequently, curvature and moment can be computed.
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Code Development

The frst part ofthecode handlgedesign considetins the user input informatignand it
includes tie geometry, concrete and steel material properties, prestress tendon pattern, and
selecton of ballast conditionThereare four categoriesf design consideratigras below:

1. Static Rai#Seat LoadR

The design raikeat load can be calculated by uddggiation2.3 when AL, DF and IF
are determinedl'hen the ballast pressure is computed and chg@®@BEMA, 2020)
2. Ballast Support Condition

The user slects pre-defined ballast support as shomrFigure4.8, and defining desired

distance.
R R
1 a L 1
(1) = ) i
TTTTTTHTTHHTTTT‘T‘_THTHTTTHHT LTI !
£ {r + L/2-Hr +
R R
I i L i
2) = | (5) |
T T A W |
W | £ %0 + 1./2-% +
R R
LIL cL l a
[ |
(3) (6 i
LTI (O TTTITTTTTIIT o) |
& REL + HKb— 1./2-Xa-Kbr & e #+ 1./ 2%

Figure 4.8 Program ballast options

3. Tie Geometry and Concrete Properties
For tie geometrythe user isallowed to determindesiredength ofmonoblock tieand
gauge length. Then details of tie shape informagi@nequiredto determined cross
section properties, such amsssections, distance between crgsstions, and number of
crosssectionbefore raitseat and in between rakat and raitenter.The crosssection
can be defined by- z coordinate systent{gure4.9). If scallops are preferrethe shape
and location islefinedby y-z coordinate systeniigure4.10 (a)). Moreover, top and
bottom width is the thickness of scallop kzxoordinated systenkigure4.10 (b)), and

it is required to be determindy designerThe program is designed to input coordinates
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in a clockwise pattern starting from the bottom [€&.be noted, it is important to ho
intersect points of polygon which will interrupt section propsrtemputation.

For concrete propertiespncreteY o u nrgodwsus of elasticity will be computecsing
initial (at time of detension) and longermconcrete compressive strengtiine minimum
28-daysdesign compressivarength will be checked with AREM£&020)requirement
which should bet least7,000 psilf the requrementhasfailed to besatisfied the
program can either be interruptedatiowedto continuebased on user preference.
Furthermore, modulus of ruptuffe,is calculated usingquation4.10.

(X Z4) (X Z,)
Point 3 Point 4
(.'{_-.2_-/ \I{.‘{::Z,]
II Point 2 Point 5
| \

\

|
Point 1 ) \
| (%0.20) Point n ILr_x...z.J
X

Figure 4.9 Cross-section defining diagram
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Figure 4.10 Scallops defining diagram

. Prestressing

There two types of prestressing tendoatcan be used in the analysis program,-low
rel axati on pr es tdiametetow-relgxation fwie standdThe3 / 8 0
correlated properties can be user preferred, and prestressing wire has an option to use
experimental data frofChen Y:S. , 2016)Next, theplacement of prestressing
reinforcement should be defined either by number of wires per row or individually
defined. The prestressing losses will be computed based on user chosen method,
includinguserdefined losses, AASHTO Approximated Method, AASHT CiRed
Method, and PCI Method.

It is important to ensure that the prestressing force is fully developed in the distance
between tieend and railseat. Tansfer lengthLy, and developed lengthg, will be
computed by equation fro@omeni, 2016 and(Bodapati, 2018yorresponding in order

after wire type is selected
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Once design parameters are determinedptbgramwill check the design elements with
correlated requirements. If it failo satisfy oderecommendatiorthe adjustment of design
assumptioawill be needed. Then the second parthefcode will proceedand he program
processindlowchart is presented iRigure4.11.

Inputs

No

Not |Whether to Proceed ?

Checking Pass Yes / No

Pass Yes

M - C Diagram at

i . Reacti F
Single Location eaction I orces

Crack Height Stress Checking at
Specified Location

M/EI Diagram

Deflection Slope

M

A= f (E) ¥ 6= J : %) g,

Figure 4.11 Analysis program process flowchart
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Second part of code is computation, including

—400

=350 1

=300 1

=250 1

=200 1

Moment, k-in

=150 1

=100 1

=50 4

1. Computing moment and shear force based on user selected ballast conditaitsat

load

. MomentCurvatureis different for beamsubjecedto positve or negative bending. The

programdefault settinggcompute positive curvature at rageat and negative curvature at
rail-center Figure4.12), and can be changegpendhg on user preferenc&he single
crosssection analysissiperformed, and the estimated crack height and ultimateent

capacity can be observed.

. To compute deflection of the tie, the @l curve will be generatkat each slice following

the procedure as describearlierin this chapterThe positive or negativeurvature is
based on the subjextbending forcerelying on the tie ballast conditiomheradius of
curvaturevalue corresporgto the computed moment force on the specifie€ Murve.

. The stress limitsan be checked at specified point and the lianiéslisted inTable4.1.

Table 4.1 Concretestresslimits (American Concrete Institute, 2019)

Tension Compression
Ensigfpgritrg gly Other Locations Enig;gritrg gly Other Locations
At Transfer (0} E o E X'Q T 'Q
At Service X® "Q(Class U) @ 0

MNegative-Moment Curvature

0

002400 -2.52-04 5.0e-04 -7.5e-04 -1.0e-03 -1.3e-03 -1.52-03
phi, radfin

Figure 4.12 Typical M -C curve by program
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The hird part of code isisingthe radius of curvarevalues whichhave beemlefined in
the previous pariA M/EI vs.tie length diagram is plottedrigure 4.13), and deflection and slope
are estimated at each increméngure4.14 presents theutput ofcomputing slope and
deflection curve.The typical deflection plot includes total deflectigrue dotted dashedurve),
initial deflectiondue toprestressingeinforcement (yellowdashecturve), and deflection due to
concrete (redolid curve).

Phi-L curve

16

14

12

10

na&

phi, radfe-04 in

06

04

0z

] f T T T T T
] 20 40 &0 ] 100
L in

Figure4.13 Typical M/EI diagram by program
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Figure 4.14 Typical slope anddeflection diagram by program

Moreover, the crack propagation distardig is compued. The crack strain can ba
user defined value q® "QFfOaccording to ACI specification. Undaipoint of interest in MC

curve, the crack height can be estimated using similar trianglee strain distribution as shown
in Figure4.15.
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Figure 4.15 Determination of crack height at interest point by program

For the center bound condition, the rotation distance of rail can be estimated bystopes
height of the rajlhrai, andchangean rail gauge widthgg, can be dermined by rail height times
€ as i Rigurehl6. The totalgage width is sumationof gauge length ang at each

side of railseat.

T Total Gage Width —T o

- ——
- ——
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Figure 4.16 Tie-sed center-to-center measurement

-
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Chapter5-Codveer i f iacnadt iVar i dat i on

To establishaccuracy and reliability verification and validation (V&V) approach can be
employed after developent ofthe numerical progranVerification is the proces® evaluate
programresponseccuracyin acontrolled environmertty comparingcomputational results to
the anticiptedvalues fromthedeveloperValidation is the process of evaluating the program
performancen arealistic environmentcheckingwhether it fulfillstheintended purposer
matchesexperimental measuremg@berkampf & Trucano, 2008)

Verification

In this section, adewascompaed with the correspondingnalytical solutioror
numerical solution at each intermediate stepere the answeshould behefi c or r ect answe
The "correct answer" is an appropriate benchmark including highly accurate sollliess
benchmark®ftenare isolated examples where the uncertainties are minimized or eliminated.
(Oberkampf & Trucano, 2008)
There are threedamchmarkshosen to verifghe code,including
Case 1A rectangle crossection beam with a row of prestressing witee benchmark
type isnumerical and analytical solutisgiven by seHbuilt M-C apprach
Excel spreadshegirogram
Case 2 A simplified concrete beam with simply supported conditiothe benchmark
type isnumerical solution given bstructural desigsoftware RISA.
Case 3A prestressed concrateonoblocktie analysis at critical points (Reffleatand
Rail-Center) thebenchmark type ianalytical solutiorof an existing tie analysis
casegiven by MichiganTechnologicalUniversity (Lutch, 2009)

Case 1- Code to Hand Solution
An example choseim verification isa uniform 8inch x 4-inchrectangilar prestressed
concrete beararosssection andassumptiosarelistedbelow:
U Concrete compressive streng¥=7 ksi,
U Grade 287 [WC] wire, (60.209-diameter prestressing wge
Eps= 28,747.51 ksi,f, = 255.55 ksi
U Prestressing force (after all losses)~173.83 ksi

U Center of gravity of the wires isifich from bottom of the beam
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To ensure the code performed and funatbeorrectly, the numerical algorithhrad been
carefullyevaluated throughout the processl@termination of moment and curvature from initial
stage(Mextermai= 0 k-in) to the ultimate capacity (compressive concrete strain at 0.00@).
codes were compared with hand solusistep by step, and detadhand calculatios can be
found inAppendix B The hand solution consists of section properties calculation, stress and
strain calculation and checking with specification, and a single point@frilationshipat top
fiber strain G, of 0.001.0nce a single point df-C response was confirmeah Excel
spreadsheeatasdevelopedo performrepetitiveprocedures$o construct @ompletedv-C
diagram Appendix Bpresentshedetailed calculationby Excel programand the results
generated by coputational program

A good agreement is observed between Hawd#| solution and computational program.
TheExcel calculation and program computing results are showrabie5.1, and plotted MC
diagram are showim Figure5.1.

Table 5.1 Comparison of computing M-C response results

Excel Program Difference, %

Che a, rq M, k-in 0, r¢ M, k-in a M
At M=0 -1.32E04 0.00 -1.32E04 0.00 0.0% 0.0%
Crack 9.15E05 181.80 9.15E05 181.80 0.0% 0.0%
-0.0008 1.54E04 214.70 1.54E04 214.73 0.0% 0.0%
-0.001 2.27E04 231.91 2.27E04 231.93 0.0% 0.0%
-0.002 6.55E04 293.40 6.55E04 293.44 0.0% 0.0%
-0.003 1.12E03 318.52 1.12E03 318.70 0.1% 0.1%
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M-C Curve
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Figure 5.1 M-C curvature comparison
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Case 2- Code to CodeComparison

In this sectionacommercialffinite elemensoftware RISA was used. The comparison

included momentshear, and deflection at raitatandrait e nt er | o-8ati ong An mf

supported rectangular beam with uniformly distributed load was selected, and positive and

negative loading situations were includ&tie prestressed tendons were includhethe

developed program, artichnsfornedsection propertiesere usedOn the other hand, RISA

modelusedconcrete beam without reinforcement. Additionally, the behavior after elastic region

of beam were not included in thiemparison

Figure5.2 presents defined crosection and calculated propertieghe developed

program, andrigure5.3 shows the RISA model and defined properties.

Cross Sesction

Z-axis, in

b5 0

X-axis, in

L=99in

Width =10 in
Height =7 in

f <& 6500 psi
Ec= 4595.5 ki
Ix_wran= 285.85 it
S ra=81.6 ir?

S ra=81.7 ir?

e =0.0536in
P=118.05 kips
dp=1[5.50, 4.2%, 3.0, 1.5

Figure 5.2 Cross-section and properties from Python code
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Moment, k-in

400
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-12kifin
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Section Properies

Area [in*2] yy [in*4] Izz [in"4] Jin"4]
70 583.333 285833 639123
IMaterial Properties
E [ksi] G [ksi] Mu Therm.[10%5 F]
4595 487 1767.495 3 0
Density [Kin"3] Fy [ksi]
0 0

Figure 5.3 RISA model andproperties

The 0.12 kips per inches uniform distributed load agglied and themoment force at center is
147.05 kps-in whichis below cracking moment forc&he cracking moment and load could be
found inFigure5.4, and the momerturvatures used to determine deflectiothiacode.The

cracking load (&) could be determirteby solvingEquation5.1 for simply-supported beam.

) uY "Q v li—Q vo o \b Equation 5.1
0 Y T )
PositiveMoment Negative Moment
-350
-300
= -250
M= 185.87 kin ; 200 M¢=-172.88 kin
=~ T W;=0.15 k/in E 150 - “W.=-0.14 kfin

-100
-50
0

00e+00 25604 50204 750-04 10e-03 13203 15603 18e-03 0.0e+00 2.5¢-04 5.0-D4 7.5¢-04 -1.0e-03 -1.3e-03 1.5¢-03 -1.8e-03

phi. radfin phi, rad/in

Figure 5.4 Moment-Curvatures of positive and negatie loading
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For analysis program, the beam is subjected to positive and negative moments, and
vertical displacements were showrFigure5.5. Since the developed codes handled positive and
negative bending individually, the purpasfiegenerang two deflection curves was terify
outputs anctliminate errorThe identical results were observed atsat and raitenter.

Figure5.6 presents the deflection curve result from RISA. Furthermore, the cattibvates and
deflections were shown ihable5.2. The difference is 0.45% at raéat, and overalhecode

has good agreement with RISA in force and deflection.

Deflection- 10" x7" w=0.12Kk/in

0.02

0.00 + +
0024 : :
—0.04 - " : : -

—0-087 SE0.067 in. : e
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Deflection- 10"x7" w=-0.12Kk/in
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Figure 5.5 Deflection curve bycode (a) positive bending (b) negative bending
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Member M12 ,LC 3: 4

0 0
-014
-028
_‘§‘-.U42
g-.USB
'§ -07
T -084
é-.ws
-112
126 -1143
14
0 9.9 19.8 29.7 39.6 40.5 59.4 69.3 79.2 9.1 a9
Member Location (in)
Selected Location Values:
Location: 19.5938 in
Value: -.0673 in
Defl Ratio: L1472
Figure 5.6 Deflection curve by RISA
Table 5.2 Code computation comparison
Python RISA Difference, %
L,in| M, k-in | V,k| O, M, k-in | V,k | G, M Vv u
Rail-Seat | 19.5| 93.02 | 3.6 | -0.0670| 93.01 | 3.6 | -0.0673| 0.01%| 0.00% | 0.45%
Rail-Center | 49.5| 147.02| 0 |-0.1143| 147.02| 0 |-0.1143| 0.00%| 0.00%| 0.00%
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Case 3 Code to Existing TieAnalysis Example

To prove the accuracy of momesurvature, at concrete compressive stains of 0.003, the
code compution results should match to the method of strain compatibility. This séutsomls
to verify nominal flexural capacityn, by comparing the tie design example by Russell H.
Lutch from Michigan Technology Universitutch, 2009) The comparison focused on critical
sections (ra#seat and raitenter). The example followed 206REMA, ACI 31808 and 2004
PCI design specification for analysis and design, and also includedddtsign properties. A
CXT 505S50 tie dsign from LBFoster was used and the cresstion at critical locations
shown in Figure5.7.

In the example, the nominal positive and negative capacity were defirtbddiyain
compatibility method. The design tie assumedkéiconcrete strength at transfer and 7 ksi 28
days design strength. A total of twenty 5182n-diameter prestressed wiregreused, and the
wire positions were as listed Table5.3. The Python programtilized thesame concret
properties but steel properties were not the same due to the un&messstrain model in the
example. Thughestress irthe prestress wire ascalculated usingquationd.7 with specific
parameters (Q=0.016, K=1.037, and R&&5) for WG wire which hathe nearestg, to the

example. The detailed inputs and calculated values are preseAjgeindix C

———0.10£0.13————

p——7.60+0.13—
N p——T7.7520.13——
( I——G.Siﬂl. 13—1
9.29
750
987025 8372025
Cross-Section at 21.5" Cross-Section at 51.0"

Figure 5.7 Michigan Tech design tie crosssecton (Lutch, 2009)
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Table 5.3 Michigan Tech prestressed tendon positiond_utch, 2009)

dp_bot, in
1.3125
1.5625
2.5
2.75
3.6875
3.9375
5.125
5.375
6.3125
6.5625

=}

Layer number

B@ooxlovcn.hooml—\
NN NNINNNN NN

dp_bot: distance from bottom surface to layer of reinforcement, inch.
n: number of reinforcements.
Results

Code inputs followed the exampsclosely as possiblendCXT tie section properties
incorporatedhe measurement data frofBodapati, 2018)The properties and losses
compuationresults can be found #ppendix C As shown inTable C.2, the crosssection
property valuest railcenterwere up to 2.7% different and it resulisa12% variance in
eccentricity. Thenominal moment capacitgsults ardisted inTable5.4, and he M-C curve
geneated fromthe computational toois presentédin Figure5.8. A good matctwasobservedat
rail-seatwhere the differencis within 0.5%.However, arail-centersubjected to negative
bending, the computed result is 1.4% lower thichigan Tech exampl&.he close match in
rail-seat result indicates minor affect by thi#ference in wire properties.

Table 5.4 Nominal capacity comparison(Lutch, 2009)

Michigan Tech | Program | Difference, %
Rail-Seat / Positive Bending 610 612.94 0.49%
Rail-Center / Negative Bending 385 379.62 1.40%

Mn, k-in
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Morment, k-in

Positive-Moment Curvature Negative-Moment Curvature
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At Rail-seat At Rail-center

Figure 5.8 M-C diagram at rail-seat andrail-center
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Validation

This section is to validate the developed program by comparison with flexural testing
results. The point of interesttise overalldeflection at rafcenter, and foupoint loading
configuration was mdeled in the program. In order to have an accurate modeling result, the tie
properties are key factors. The properties closely followed the original tie design input to the
developed program. For the new design tie group, @XThe properties of crosection, wire
type, and concrete were known. The experimental result of wire-strags relationship was
used. For the existing tie group, the known properties were-seasi®n and concrete strength.
This tiewas cast with a steel bar on the bottonieto protect brass inserts which were
previously used for laser speckle imaging readigroove was observedter the steel bawas
removed, the groove area was slightly varied.
bottom of CXF[WB] tie (Figure5.9) on CXT-[WG]i t wa s exdeft thecerteoregion.

Figure 5.9 Bottom of CXT-[WB] tie

The actual reinforcement relationship was unknown for wireypeF tie, and the
existing equations were used. The crucial factors were absent feC tigpeconsequently it was
not included in code validati onofelsicdy exper i me
presented a significant discrepancy from the s#gquadyACI (2019) Thus,iterativemodeling
wasperformed taestimatethe propety o u nrgodwdus of elasticity.
The crosssectionintended to beised intheanalysis program was idealizedasapezoid,
shown in theFigure5.10. In Figure5.10 (a), the chamfer was ignored, and the top width was

takenasthe average values between chamfer. If the tie has scallops, theisthsblépe was
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based on the top and bottom width as showhigure5.10 (b). The idealized shape reduced

analysis time but it maytroduce errar

(@) (b)

Figure 5.10 Simplified crosssection

AREMA center negative moment was determined by uBipgation2.4 andEquation
2.5. The calculation used the recommended axle load (AL) 82 kips, anthulistni factor (DF)
of 0.505 used by assuming-##th tie spacing. Center reaction factor of 0.84 and 0.74 were used
for CXT and TypeF tie respectively. Speed of 40 mph corresponded to 0.8 speed factor, and
tonnage of 60 million gross tons corresponded.@otonnage factoilable5.5 lists the factored

center negative momentd.., and the correspondirigad atrail-seaf Pc..

Table 5.5 AREMA design center negative moment

Tie design | Mc., k-in. | Pc, kips
CXT 193.29 14.32
TypeF 204.34 15.14

The analysis results are presented in terms of load versus deflection, and can be found in
Figure5.11to Figure5.17. The comparison can be examined into two parts (elastic, and plastic
region). The elastic zone is governedyop u nmgodwus of elasticity, and it shows good fit to
the experimental results. Tiveo u nrgodudus of elastity is varied from 300 ksiat 1,000 ksi in
CXT-[WB] tie (Table5.6). Furthermore,ite defined Eare also comparday using ACI
equationas shown inrable5.6 and a maximum 29% of discrepancy detected in CXT tie group.

For concrete séngth below 8 ksi, Typ€ tiein the testing groumn8% variance is found.
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Table 5.6 Comparison ofYo u n g 6 s ofeldsticityarsl ACI equation

f 810,740psi WB_Trial WB1 WB2 ACI
Ec, ksi 4200 5200 4500 5910
Difference, % 29% 12% 24%
f ¢68,20 psi WD ACI
Ec, ksi 4700 5190
Difference, %  9.4%
f 810670 psi WG1 WG2 ACI
Ec, ksi 4700 4500 5890
Difference, % 20% 24%
f 87,00 psi TypeF  ACI
Ec, ksi 4430 4800
Difference, % 7.7

At transition region, the good agreement is found in §WD] and CXT-[WB2], the
difference is nearly 5%. A significant difference is detected in Fytie, and it results in
lacking actual wire stresstrain relationship. The wire ultimate strengtas around 255 ksi, it
was determined by tensile teswire extracted from the ti@he nearest model is P250 strand
equation. Subsequently, the analysis results did not have good match with experimental
outcomes. For the CXT tie group, the estimatextking forces are generally beyond the actual
value, overestimate may be caused by insuffityesefinedfirst cracking force.

As the force increases, the difference becomes increasingly variablgovédraing
factors are tendon strestain relatioship and crossection. The imprecise cressction may
consequently result in insufficient determination of concrete compressive force when computing
M-C curve. Overall the analysis results are less conservative oncengrappearsThe
AREMA design beding moment occemear the end of elastrtange excluding Type- tie. The
tie fails to meet AREM requirement but these ties served on track over 2 decades without
failure.
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CXT-[WB_Trial] Load-Deflection Curve
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Figure 5.11 CXT-[WB_Trial] L oad versus Deflection

CXT-[WE1] Load-Deflection Curve
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Figure 5.12 CXT-[WB1] Load versus Deflection
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CXT-[WB2] Load-Deflection Curve
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Figure 5.13 CXT-[WBZ2] Load versus Deflection

CXT-[WD] Load-Deflection Curve
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Figure 5.14 CXT -[WD] Load versus Deflection
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Force, Ibs

CXT-[WG1]| Load-Deflection Curve
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Figure 5.15 CXT-[WG1] Load versus Deflection
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Figure 5.16 CXT -[WG2] Load versus Deflection
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Type-F Load-Deflection Curve
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Figure 5.17 Type-F Load versus Deflection
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Chapter6-Mon€ar |l o Si mul ati on

This chapter discusses thnte-Carlo Simulatiorthatwas conductetb quantify
correlation of key design parameters. Phedictionresults could be used to improve or check
preliminary design decision and optimize design before conducting design approval experimental
test. Furthermore, therobabilistic estimatiorould be used for risk analysis for existing in track
crossie performage. The quantities of interest (@s) are cracking force at rasleat and rail
center. At each locatiothree QQs werepredicatecby amomentcurvature basedumerical
program, including

1) initial crackingmoment Mg,

2) moment at cracking reach toteulayer of reinforcemenil s,

3) ultimate momentMy.

The simulation involvemultiple tie geometry, wirgositions wire type and random
variation of key tie deign parametef$ireetypes of tie wereselectedincludingType-F, Type
M and CXT 505STheseties hae variance incrosssection height at raitenterandrail-seat All
the crosssectiors weremodeled as trapezoidakcept CXT 505S tie which cresgction
properties were accurately determined by previessarch at Kansas State Univer§ityn
(Bodapati, 2018)The tie section properties were varied in Me@#rlo simulation consistent
with random sampledire type andwvire location The prestressing wilecationswere varied
up or down 1/8 inches vertically. IHpontal variation was natonsiderediue to no significant
affect in flexural behavior indicate@able6.1 lists the tie dimensiain height and width on the
top and bottom surfacghich were generally not vadan the simulationTable6.2 lists nominal
wire positions and amount of wires corresponding to specific tie Typedistance of wie d,
were measured from bottom surface to center of the wire

Table 6.1 Tie Geometry

Type of Tie | Length, in - RaiI-Seat . . RaiI-Qenter -
h,in Waot, in - Wrop, in | h, in Waot, In Wrgp, in

Type-F 99 7.9 10.1 8.5 56 10.1 8.5

Type-M 99 7.8 10.1 8.5 6.3 8.5 10.1

CXT-505S 102 9.3 113 7.0 75 84 7.0

64




Table 6.2 Tie Wire Positions

. Rowl | di, | Row2 | d2, | Row3 | d3, | Row4, | ds4, | Total number
Tie Type : . . : . : . ; .
wires in wires in wires in wires in of Wire
Type F 8 1.5 4 2.69 8 3.81 - - 20
Type M 6 15 4 2.63 4 3.69 6 4.88 20
CXT 505S 4 2 5 3.25 5 45 4 5.75 18

All prestressing wirare5.32mm diameter, arttiere were three type of wire chosen
WA, WB and WH withwire indentation smootandchevrors, respectivelyDetailed wire
propertiesarelisted inTable6.3. In Table6.3, wire transfer length was computed with 4.5 ksi
concrete release strength and specified ASTM A1096 values. The transfer length was determined
through the tansfer length prediction model developed by BodgRéat 8)as

n Q 6p Tt (AQ;.I[II)CX é Q Mo~ v
L o8¢ —— ‘o 8 RQED  £qyation 6.1

pguT

Q
paumT

The wire pullout force, ASTM A1096 valueiasadoptedrom theresearchun-tensioned
pullout testsresuls from Arnold (2013)

Table 6.3 Prestressing WireProperties

Wire Type Le,in | ds,in| E,ksi fpu, kis | fpy, ksi
WA (Smooth) 16.33 0.21 | 29476.16] 288.34 | 262.05
WB (Chevron) 11.6 0.205| 29418.78| 296.01 | 269.24
WH (Chevron) 7.5 0.302 | 30882.33| 290.39 | 264.81

Another primary parameter of tie design is corembperties. The 28 days concrete
c ompr e s,svasassumedffrdm 6,000 psi to 10,000 psi v&idO psi increment. The
concrete compressive strength atde n s &, amd modiilus of rupture;, fwere calculated as
(Mindess, Young, & Darwin, 2003)

M W ™M prnnemhQi Q Equation 6.2

N ¢ wQ?® T miQ Equation 6.3
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The prestressing jacking fordg is aspecific percent of wire ultimate strength whish
defined ag0 percent to 80 percent with 5 percent increim@onsequentlythe input parameters
contained six normal distributed variabldwee type of wiresvertically shifting in wire
position. Theinputparameters were randasampledvith specific tie type and wire position
through a Python based preprocessing scripgn individual input files were generate&ach
input file wasprocessed by the aforementioned morreemvature scripts, arttiree quantity of
interests were collected and tabulated at each location. The QOls were acquired from generated
moment verse rotation curve diagmas shown ifrigure6.1. Figure6.1 is atypical moment

curvature forcenternegativebendingsituation.

Muit Megative-Moment Curvature

=350 A

=300

=250 +

=200 1

=150 1

Moment, k-in

=100

0.0e+00-2.0e-04 4 0e-04 5.0e-04 -5.0e-04-1.0e-03-1.2e-03-1 4e-03
phi, radfin

Figure 6.1 Typical moment-curvature curve

A parameter sweep applicatiomsdeveloped to run modified momeatirvatue based
computationaprogram.In order to minimize overall processing time, the numepoagram
wasrevisedto captureQOIls. A pythonbased parameter swetwl was developed by Grant
Willford, a former computer science student at Kansas State Unyérketool was developed
to operate the parameter sweep on the supercomputer at Kansas State Umniatusityg
function of

1. Generate individual input file

2. Setupvirtual Python environment

3. Run and managparameter sweep
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4. Sorting outputs
Thesupercompter Beocatwas used to perform all the simulatiomkich is the high
performanceomputing cluster at #sasStateUniversity. Beocat is running by the computer
science department at8tate, and iis available to any educational researcher in State of
Kansas Beocat can be accessed via secure shell on Linux and the basic Linux commands is
provided in the Beocat websifEhe jobs were scheduled and submitted to slurmievgloped
sbatch submit scripts. The sbatch sonps the sbatch command to definerégsources to run
the jobs After all required scripts were created, each script was tested on local computer before
upload to the supercomputer. Then a small batch of jobs were submitted on Beocat, and the
results were verified.
To runaparameter sweepn Beocatthefirst step was to upload all Python and sbatch files then
setup virtual Python environmelasty executing fiset up_beocat. shbo
could be executable by usifighmod commandThe virtual environment setup is recdrfor
thefirst-time access onlylNext, the parameter sweep could be schedldgeither assigninghe
number of jobs oby performing thewhole sweepThe limited amount ojobs could be
schedul ed at one time, the rnegmgiorbismog fjidbes Wenre
of jobs could be submitted once the current batch completed. Rep&atiegprocedure untilo
jobs remainegdand the parameter sweeps were accomplished. The result was tabulated in
individual file and it could be organizedtto ugh fAsort outputo function
filtered by user specified parameteme andalug and multiple sorting criteria could be

applied.The detail parameter sweeperation procedure is shown Figure6.2.
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Parameter Sweep o

n Beocat

Upload Python and .sh files or "Proj” folder on Beocat

Activate Sbatch scripts
chmod +x*.sh

Setup Python Vitural Environment
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cd proj

imulatioin files

Run Parameter Sweep
sched _run.sh

Submit jobs by manager
application manager.sh
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[
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Figure 6.2 Parameter sweep on Beocat implementation flowchart

68



Results
Totally 1,928,934 realizations were simulgtaddeach QOI had 321,489 realizations

The simulation results were further utilized to ¢eem cumulative distribution function (CDB)
the standard normal distribution for the QQlke CDF distribution isepresenting fitted
probability density function (PDF) distributiomhe PDF were assumed normally distributed by
fitting the frequencylistribution ofMonte-Carlosimulation resultsand the®DF distribution

could be computed by applyirigguation6.4. In Equation6.4, parameters were calculated from
partiaular QOI moment simulated by Mor@a r | o met hod where paramet e
standard deviationyis the generated bending momefurthermore, theorresponde@€DF

could becreatedafter best fitted PDWasdefined The CDF could becalculated bysing
Equation6.5. Figure6.3 presents a histogram of simulation resudtfitted PDFdistribution,and
the correspondin@DF curve At each location, individudestfit PDF andthe correspnding

CDF is provided ilAppendix D In each figure the vertical axis is the probability density for
PDF and cumulate probability for CDF, also the horizontal axis ipaheularQOI of Monte

Carlo moment.

s t 100%
0.8% 4 = K

0.6% 1 : i

r60%

pdf
—
cdf

0.4% | : / ]
F40%

r20%

F0%

0.0%
200

400 450 500 550 600
M1st k-in

Figure 6.3 Typical fitted probability density function distribution (PDF) and cumulative
distribution function (CDF) plot
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50000 ——0- Equation 6.4

” Vlc “

#$&EB w "QwQ" Equation 6.5

The boundary of numerical value is listedliable6.4., including the value of minimum,
maximum, and averageom Monte-Carlo simulaibn results at eadocaton. Three key

scenarios were looked into (tie type, wire type and concrete compressive strength) in order to
identify the correlation betweekey designparameterandcracking moment aOls
Subsequentlythe results were furth@ompared with recommended design loaadis

discussed in the following sectidfigure6.4 - Figure6.6 show the CDF for all QOls at each
locaton for all tie type, all wire type and concrete compressive strength, respedtiveach
scenario, individuaCDFs were represented in naolid line and average result was presented in
red solid lineThe plotted values represent@mulated probabily estimationcorresponding to
predict cracking moment at specific Q@idditionally, mean and standard deviation for each of
simulated QOlsrepresented iTable6.5 throughTable6.7 for all tie type, all wire type and

concrete compressive strength, respectively.

Table 6.4 Monte-Carlo simulated QOls

Rail-Seat Rail-Center
Min. Max. | Average, Min. | Max | Average
Mer, k-in | 20589 | 48991 | 333.70 | 7833 | 294.57 | 166.44
Mis, k-in | 25907 | 54532 | 382.34 | 13018 | 32446 | 210.57
Mur, k-in | 44746 | 774.92 | 611.45 | 19805 | 48085 338.73
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(b) Rail-center negative moment

Figure 6.4 CDF of Monte-Carlo simulated momentat first crack (M cr), when crack reach
to outer layer of reinforcement (Mhsi), and at ultimate (Muit) for all tie type.

Table 6.5 Monte Carlo Simulated QOls presented inTie type
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U (kin) -i0)1
TypeF TypeM CXT 5059 TypeF TypeM CXT 505¢

E First CrackMo | 359.44 29579 34567 | 388 3552 45098
@ Crackatouterlaye 1457 34765 379.92 | 37.54 3253  37.78
T of ReinforcementM s

14 Ultimate, Ma: | 656.68 559.45 617.99 | 57.96 4945  50.53
2 First CrackMer | 126.31  170.82 20229 | 1950 23.69  26.68
é y :erf:]‘;';ritez‘;ﬁmie 178.82 21115 24172 | 17.7 2039  24.02
& Ultimate, Mu: | 264.10 353.45 398.66 | 32.14 3518  30.48
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(b) Rall-center negative moment

Figure 6.5 CDF of Monte-Carlo simulated moment at first crack (Mcr), when crack reach
to outer layer of reinforcement (Mhsi), and at ultimate (Mui) for all wire type

Table 6.6 Monte Carlo Simulated QOls presented inwire type
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U (k-in) -i0) 1

WA WB WH WA WB WH
E First CrackMo | 341.60 336.14 323.08 | 49.07 4816  47.1
9 CrackatOuterlaye  sq0 56 38868 3627 | 45.66 4454  42.15
T of ReinforcementM st
14 Ulimate, Mut | 623.4  615.6 595.85 | 67.17 6558  62.68
g First CrackMo | 170.18  167.91 1616 | 39.77 39.19  37.86
9'_5 offéiﬁgriteﬁiﬁﬂe 21752 2144 19991 | 33.16 3263  30.78
& Ultimate, M | 343.92  340.32 33186 | 67.62 66.84  63.48



cdf of Mcr

cdf of M1st cdf of Mult

100% | 100% | 100%
80% 1 80% { 80% 1
60% 1 60% { 60% 1
40% 1 — Al fc 40% 1 — Al fc 40% 1 —— Al fc
=— fc=6 ksi = — fc=6 ksi = — fc=6ksi
o fe=7 ksi e fe=7 ksi e fe=T ksi
0% g fc=8 ksi 20% - fc=8 ksi 20% ... fc=8 ksi
fc=9 ksi fc=9 ksi fc=9 ksi
0%‘. : , fc=10 ksi 0%,‘ , fc=10 ksi 0%_‘ fc=10 ksi , ,
0 200 600 800 0 200 400 600 800 0 200 400 600 800
M, k-in. M, k-in. M, k-in.
(a) Rail-seat positive moment
) cdf of Mcr ) cdf of M1st ) cdf of Mult
100% ] 100% | — 100% {
80% | 80% | 80% 1
60% | 60% | 60% | ‘,"
Iif
40%; — Alfe 40% — Alfe 40% | T — At
- — fc=6ksi =— fc=6 ksi i =— fc=6 ksi
+ fe=7 ksl -« fe=7 ksi -~ fe=7 ksi
20%; - fe=8 ksi 20%) ~t fc=8 ksi L N — fc=8 ksi
fc=9 ksi fc=9 ksi fc=9 ksi
0% fc=10 ksi 0%+ fc=10 ksi 0% fc=10 ksi
100 200 300 400 500 600 100 200 300 400 500 600 100 200 300 400 500 600
M, k-in. M, k-in. M, k-in.

(b) Rail-center negative moment

Figure 6.6 CDF of Monte-Carlo simulated moment at first crack (Mcr), when crack reach
to outer layer of reinforcement (Misi), and at ultimate (Murit) for concrete
compressive strength

Table 6.7 Monte Carlo Simulated QOlspresentedinc oncr et e

(f 0O

compr essive

RailSeat RailCenter
Crack at Outer layel First Crack at Outer laye
First Cack, of Reinforcement  Ultimate, Crack of Reinforcement, Ultimate,
lc Mcr Mlst Mult Mcr Mlst Mult
6 ksi 313.03 360.72 526.45 157.11 199.10 287.67
7 Kksi 324.58 373.19 575.06 163.66 207.23 31891
U (kin) | 8ksi 335.04 383.2 616.01 168.94 213.15 344.91
9 ksi 344.36 393.02 649.69 173.31 218.08 366.62
10ksi 352.22 400.18 677.02 177.33 221.91 383.95
6 Kksi 43.63 42.1 39.12 34.05 28.78 50.71
7 Kksi 45.7 43.91 42.17 35.31 29.71 54.28
-im)]| 8Kksi 47.51 45.09 45.28 37.24 30.88 57.62
9 ksi 49.54 46.53 47.53 38.78 32.32 59.71
10ksi 50.76 47.63 49.81 40.45 33.81 62.63
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Discussiors

Overall gooditting was observed with 1,928,934 individual realizatidrise Monte
Carlo realization results imply ¢éhsensitivity of moment at each QOI as changing in design
parametersThe sen#ivity of key design factors could be obsentbdoughthe dispersion of
central tendencyin the preliminary comparisonthree major scenarios were investigateae T
CDFs of wre type Figure6.5) shows similar shape oft&irves with minowarianceat 5ah
percentile in all QOIs. The insignificant variance of mean between wire sygeestt is
inconsequential imptimizing tie design.

On the othehand,for CDFs of concrete compressive strengtig(re6.6), overall CDF
curves have similar lengdnd shape whicimfer similar level of risk. The Moment at first crack
and reach to®llayer of reinforcement has up to 4% oftral tendency apart. However, the
are more clear discrepancydantraltendenciest ultimate moment stage both locatios
where the mean of-8urves has maximum 11% divergency. Thus, this observiatiers
increasing design concrete compressivengjthbenefis in developingultimate capacity.
Moreover,CDFs of tietype Figure6.4) showsthe CXT 5050S tie has lower cracking resistance
than Type F tie at raBeat everthoughit hasalarger cross sectioffhe opposite sc&rio was
observed at raitenter, the CDF of CXT 5050S tie has higher cracking moment at each QOls.
Changesn wire eccentricity may explaithis. The wire eccentricitys respected to the tie neutral
axis, and the cross section tends to reduce in higghtseat to center locatiomhree typs of

tieswere selected in this practice had varied in height as shokigumne6.7.

Rail-Seat
-Rail-Center

| j r ................

7.54" 7.82"

1L

CXT 5058 Type M TypeF
Figure 6.7 Graphical comparison of three tie geomey at rail -seat and railcenter

Consequentlythecentroidis increased following witliedudng in cross session height as
shown inFigure6.8. At rail-seat, Type F tie has larger eccentricity than CXT 505S tie, in
contrast, te CXT 505S is the governing case at-tahter locationThe CDF curves tend to

deviate more at ultimate moment stage at both locathtrsther stages, the central tendency
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hasclearlydiffered in center region of the ti€DF of tie geometry demonstest more sensitive
in all QOI moment at raitenter than raiseat.Consequently, the CHof thetie typeand
concrete compressive strengtiows more directlyheinfluenceof strudural crack resistancat
each QOils.

W " -0.21 - |.
754 === —1(——— 6.28“ o /_El_" 557"/ _____ ___0_95"

CXT 5058 Type M TypeF

Cross-Section at Rail-Center

.[ .

gli T G | 782" [ e
CXT 5058 Type M fypet
Cross-Section at Rail-Seat ° Wire Centroid

——————— Tie Center

Figure 6.8 Wire eccentricity at rail -seat and railcenter

Wire location is commonly shifted while casting the tie, and 1/8 inches varied vertically
was consideredilso, the structural capacity showsnsitiveto concrete compressive esigth
based on the simulation results. Thig correlation of moment capacity with varying
eccentricity was conducted both locations, the quantity of interest in this comparison was
moment at crack reaches to outer layer of reinforcement and ultimoatent. Theeomparisons
are presented iRigure6.9 - Figure6.10 andFigure6.11 - Figure6.12 for rail-centerand rait
seaf respectivelyTable D.1 lists the average estimated tie moment capadgity eccentricity
variancevher e fAeo is original eccentricity-fiofswire
1/ 8 0 Overallall at radcenter, the flexural resistaeeis deviatedrom 4% to 6.6%, and the
difference is compared moment force with wire eccentricity without vertical shiGiewgter
negative bending momehasup t04.6%, 6.5%, and 5%ropwhenwire eccentricity reduced,

correspodingto CXT 505S, Typd-, and TypeM. Contradictoryagrowthin moment force was
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detected in increasing wire eccentricity, the differenaeitisin 5.4%, 6.6%, and 5.1% for CXT
505S, TypeF and TypeM tie.Increment in design concrete strength with varying wire
eccentricity hasnore benefit irdeterminingultimate bending capacity comgaito moment at
crack reaches to outermost reinforcement

M1st - Rail-Center
300

2751

2504

N

N

w
I

Moment, kip-inches
Ll N
~ S
w o
L

150 4

= CXT_e- F e+
-¥- CXT_ e —— M_e-
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Figure 6.9 Graphical comparison of eccentricity variance in MonteCarlo simulated
moment at crack reaches to first level of reinforcement at ralcenter
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Figure 6.10 Graphical comparison of eccentricity variance in MonteCarlo simulated
ultimate moment at rail-center
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At rail-seat, averagdifferenceof moment at Mst(moment at which the crack reach to first level
reinforcement) and M (ultimate momentjs within 4% excepMsifor CXT 505Stie. Overalla
3% improvement oM stis observed for wire location shift below, however less ttfn
reductionin flexural capacity while wire location move upward.
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Figure 6.11 Graphical comparison of eccentricity variance in MonteCarlo simulated
moment at crack reaches to first level of reinforcemet at rail -seat
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Figure 6.12 Graphical comparison of eccentricity variance in MonteCarlo simulated
ultimate moment at rail-seat
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AREAM SpecificationComparison

As mentioned in previous chapter, thereuat tie desigrspecification recommends that
ties show resistance to the design load without crack after minimum 3 minuteGAREMA,

2020) Besides, thée flexural capacitys definedasthe tensile crack reatty first level of
reinforcementThe concrete monoblock tigesignstrengthrequirementvas calculated based on
the assumed and recommended vallies.railseat positive and radenter negative unfactored
moment were computed by usikguation2.2 andEquation2.3 with the recommended axle
load 82 kipsand 24 inches tie centi-center spacing. The center reaction fattdivas
recommended zert railseatthe value 00.8 and 0.74vere usedt railcenter fortie length

102 inches and 99 incheespectivelyThefactored centemegative moment was 193.29 kijps
and 204.32 kipsn. for CXT 505S and Type F/M tieorrespondingly. The factored rail seat
positive moment was 213.43 kips, 193.05 kipgn., and191.00 kipsin. for CXT 505S, Type
M, and Type F tietespectively.

The CDF0of thetie type and concrete compressive strengghe further compadwith
AREMA design strengtindependentlyand for CXT 505S and Type F tibe comparison was
alsomade wih visualy observedirst cracking forceexperimentally

At rail-seat, the design positive strength recommendation was satisfied for all tie types as
shown inFigure6.16. In Figure6.16, the design fare falls before and at end of left tail which
imply the section remaguncracled The tie at raseat tendto havealager crossection and
it gives more material and increase in centroid which improves the positive moment resistance.
Thus, the desigrecommended force is most likely to be fulfilled, and atseadt, the
comparison of design strength and G concrete compressive strengttih individual tie
can be found ifrigure D.43 - Figure D.51.

At rail-center, the design center negative bending moment fall within the first crack
moment distribution and distribution of moment at crack reach to outer layer of reinforcement
which was observed throudtigure6.17 to Figure6.20. Based on th&igure6.17, the
probability of design load occurs when crack reach to first layer of reinforcesnent
approximately 92%38%, and2% corresponding tdype-F, TypeM, and CXT 505Sie. The
result indicates, for tie lengtf 99 inches, the 13% of increase in cresstion height could
increasaoughly50% ofchangepaseng the design loadt crack reach to outer layer of

reinforcement stag®©f note the Typd- tie has nearly 5% ofrpbability that the design load
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reacles thestructural ultimateapacity.FurthermoretheCDF of CXT 505S tieimply
approximatey 64% of probability the section remaisiuncracled

TheFigure6.18to Figure6.20 presentsCDF of increment concrete compressive strength
at railcenter for TypeF, TypeM, and CXT 505S tie respectivelyor TypeF tie, majority of
design load fall intdhe distribution corresponding to structural cracking reaching the oyear la
of reinforcementKigure6.18), and small amount fall into ultimate moment distribution while 6
ksi concrete compressive strength choJére distribution resustindicatethe probability of
crack remaiing at ¥ layer of renforcement is approximately 3% and 20% corresponding to
7ksi and 10 ksi concrete compressive strenfjtiere arel5% of probability the tie may not able
to resist design load whikksi concreteompressivetrengthselected.

For TypeM tie, the result idicates the design load faivithin left tail of first moment
distribution and positive side of reaching fbldyer of reinforcement moment distribution
(Figure6.19). An approximately 20% of probability the tyy tie remainng uncrackeavhile
10 ksi concrete designedrobability of remaimg uncracked is decreasing while the concrete
strength reducingl'he probability ofcrackreaching taooutermost layer of reinforcement is
around 35% to 80% corresponding to 6ksi and 1@dscrete compressive strengthroughly
10%decreasingn probabilityof meeting design criteria was obserfeliowing with 1 ksi
increment in concrete compressive strength.

For CXT 505S tie, the results imply approximately 44 % afriéenain uncraokdfor
foc=6Kksi and 21% of 10 ksi concrete compressi
probability (Figure6.20). There are 5% of probability that the crack reach to first layer of
reinforcement when 6 ksi concrete coegsive strength was selected.

Crack Detection

A 5-power magnifying is recommended to locate crack during the experiment testing
(AREMA, 2020) Theloadof first crack occurreavas identified for CXT 505S and Tyyetie,
and tle average cracking force was 28mlkand 145 kin respectivelyThe initial crack load was
262 kin observed from flexural test with DIC system, the specimen had same tie type but
different wire typeThe DIC observed region did not include chamfer whiehfirst crack load
should be less than determingdckload. Thus, the purpose of comparison is to point out the
timing of determining initial crack occurreihe CDFs of first crack moment was compared

with experimental force shown Figure6.18 andFigure6.20 corresponding to TypE and CXT
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505S tieFor TypekF tie, the experimental cracking Ia=dll in between negative of first crack
moment distribution and left tail of distribution correspondimgracking penetratg to outer
layer of reinforcemeniThe probability of structural craclg is approximately 95%.
Contrastively, the cracking load fall in right tail of moment while crack at first level of
reinforcement distribtion for CXT 505Svhich infer approximately 90% of probability
structural cracked beyond first level of reinforcem&atsed on observation, it implies the first
crack occurred earlier than the determinestkingloadwhich following the current design
specification.
Ultimate Moment, My

The concrete compressive strength was increased from 6 ksi to 10 k$ie atifierence
between each 1 ksi increment wiamm 11% to4% in ultimate momenas shown in  Figure
6.13.

Rail-Center Rail-Seat
450 800
0
400 6% *51/“ 700 5% “;%
X +8% 383.95 +7%
330 +11% i I 36562 600 +9% I I cioeo 677.02
34491 :[ 616.01
300 ]: 31891 500 575.06
287.67 g0 52645
: =400
£ 200 5
300
150
100 200
50 100
0 0
6 7 8 9 10 6 7 8 9 10
Comcrete Compressive Strength, ksi Comcrete Compressive Strength, ksi

Figure 6.13 Average ultimate moment strength with concrete compressive strength

On the other handhe average@0% of increment ithe ultimate moment strengivas
observedwhen concrete compressive strenigitreasedrom 6 ksi to 10ksi. In prestressed
concrete design, approximately 6% of raise in ultimate moment is expeuigdis relatively
small comparing to the findinghis phenomenomaybe explained byhe following:

1. Compact shallow crossection

2. Prestressing neforcement location

3. Compressive response of prestressing
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4. Compression failure
Thetie is designed to resipbsitive and negative bending at radlat and raitenter.The typical
tie design hason-uniform compactearosssection and straight prestressneghforcementTo
meet flexure strength requirement at both locatsmiltaneouslytheamount of wire anavire
locationare the one of thparameter$o adjug in order toreach design loagequirementThe
combination of prestressing and compact cgesgion resultingin the tie failngin
compression. Thi#exure compressiors failed incrushing concrete at compression surface and
tendonsareyielded.The prestressing is commonly located at the bottom section of the beam
known as tension zone, hover the tie has prestressing in compression and tension zone. In the
compression zone, the stress in prestressing is reduced and the prestressing reinforcement did not
yield. Theprestressing in compression can lead to redieepacity and increadeleformation.
The strain in concrete compressi@ducedotal strainin the prestressingesultingin the
prestressing reinforcement responsthielastic region.

To visualize thenoticeable increment atress in prestressingsfa comparison was
made A tie crosssection7 6 x 7 hypotheticakcnosgsection7 6 x 240 with four
single layer of prestressing reinforcement respectivédlg.total area of prestressing
reinforcement 0.6th? was assumed in botiypotheticaland tie crossection.The stresstrain
relationship for a gradeB? ksi prestressingire with yield stress 255.56 ksi was assumed which
can be computely usingEquation4.7. The concrete compressive strength was 6 ksi and 10 ksi,
and other design pameters were identicalhe computed,gfor each example was presented in
Figure6.14 andFigure6.15.

In Figure6.14, a section deep 24 incheke total stain in prestressgisteelis correspond
to stres270ksi forf 6 & ksrand271k si f o r wihetethe ste@lwekegielded An
approximately6% difference in ultimatenomentwas observed/hile the crossection depth
reduced f o,andthereinforcemegtwete@siributed into four layerdVhen the
concrete compressive strengths goingrom 6 ksi to 10 ksi, the ultimate moment was
increased from 2Irk-in to 369k-in which was a roughly 37% differendeor lower design
concrete strength, upper two layefgrestressing wires are in the compression zone, and the
stress in prestressing is2ldsi and 170 ksivith correspond strain 0.0051 a@d061as shown
in Figure6.15(a). For 10 ksi concrete compressive stréndge top layeof reinforcement is still

in compression zonas shown irFigure4.15b). Additionally, an approximately 10% increasing
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was observed inpd and the difference in strain is 0.0005he€Tprestressing tension zonethe
overall inceasing in §sis between 13% to 15%pproximatelyOverall the prestressing steels
have elastic behavior. In the elastic region, the small changing in strain results in large
differences in stress. Consequently, when the concrete compressive strengteddies

ultimate capacity of the tie has noticeable increment compared to typical prestressing concrete
beams.
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Figure 6.14 Stress in prestressing reinforcement presented atressstain curve with a
specific design concrete compressive strengmd onelayer reinforcementina2 4 6 d

crosssection

83



300
250
219.09 ksi
200 - 196.02 ksi
'_5 169.76 ksi T 0,003
% 150 ~ ]42.06 kSi T ° Y=3.75"
&7 7.54" : A
100 )L ’ fap
— 7
50 fc=6ksi
Mn = 270.70 k-in
dp=2",3.25"4.5",5.75"
0 T T T T
0.00 0.01 0.02 0.03 0.04 0.05
Strain, in/in
(a) Concrete compressive strength 6 ksi
300
250 - 248.29 ksi
227.91 ksi
200 196.04 ksi
= - 0.003
Y . >
" 157.42 ksi
A n Y=2.56"
$ 150 T ° O
kE 7.54" °
m [+]
100 L Idp
b
50 - fc=10ksi
Mn = 369.05 k-in
dp=2",3.25"4.5"5.75"
0 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05

Strain, in/in

(b) Concrete cormressive strength 10 ksi

Figure 6.15 Stress in prestressing reinforcement presented on strestin curve with a
specific design concrete compressive strength amour-layers reinforcement in a7.540

deeptie crosssection
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Figure 6.16 Comparison of CDFs with AREMA design strength of each tie typ at rail-
seat
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