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Abstract

Concrete railroad ties have been used in the United States for over 125 years, and
prestressed concrete monoblock ties are most commonly used. In monoblock tie design, flexural
strength of the prestressed tie is used to predict the tie capacity. Current tie design procedures
vary from manufacturer to manufacturer. American Railway Engineering and Maintenance -of-
Way Association (AREMA) sets the flexural design standard for all prestressed ties. AREMA
also stipulates critical positions for loading, and limits concrete crack propagation to the outer
layer of reinforcement on the tensile surface of the tie. Considering the complexity of prestressed
concrete tie behavior especially post-cracking and varying ballast support conditions, a study
was conducted to estimate the flexural capacity of monoblock ties under practical load and track
system through computational 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 responses (crack propagation, deflection, and
slope) were analyzed by utilizing a moment-curvature relationship and M/EI diagram
incorporating moment-area theory. The computational tool is well suited to analyze varying
support conditions 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
uncertainty-informed analysis of concrete monoblock tie flexural behavior that may, in turn, lead

to reliability based concrete monoblock tie design.
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Concrete railroad ties have been used in the United States for over 125 years, and
prestressed concrete monoblock ties are most commonly used. In monoblock tie design, flexural
strength of the prestressed monoblock tie is used to predict the tie capacity. Current tie design
procedures vary from manufacturer to manufacturer. American Railway Engineering and
Maintenance -of-Way Association (AREMA) sets the flexural design standard for all prestressed
ties. AREMA also stipulates critical positions for loading, and limits concrete crack propagation
to the outer layer of reinforcement on the tensile surface of the tie. Considering the complexity of
prestressed concrete ties behavior especially post-cracking and varying ballast support
conditions, a study was conducted to estimate the flexural capacity of monoblock tie under
practical load and track system through computational 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 responses (crack propagation, deflection, and
slope) were analyzed by utilizing a moment-curvature relationship and M/EI diagram
incorporating moment-area theory. The computational tool is well suited to analyze varying
support conditions 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
uncertainty-informed analysis of concrete monoblock tie flexural behavior that may, in turn, lead

to reliability based concrete monoblock tie design.
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Chapter 1 - Introduction

The proposed research deals with the performance of concrete railroad Monoblock ties
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, the analysis of concrete monoblock tie flexural 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 concrete monoblock ties are commonly used in North America. As the
number of concrete Monoblock ties has increased, safety has been a growing concern. According
to the Federal Railroad Administration, Office of Safety Analysis, from January 2016 to the
present date, there have been 449 railroad accidents related to rail gauge widening and of the
449,315 are linked to defective or missing cross-ties. Various research has been conducted to
gain better understanding of concrete railroad failure mode subsequently to improve rail safety.
Furthermore, flexural cracking has been indicated as one of the main railroad tie failure modes in
North America. To better understand the flexural behavior of prestressed concrete railroad ties
can help to prevent failure due to flexural cracks. According to University of Illinois at Urbana-
Champaign (UICUC), flexural cracking is one of the leading failure modes for concrete
monoblock ties in North America (Yu, Jeong , Marquis, & Coltman, 2015).

The current concrete railroad tie design standard, AREMA chapter 30, specifies the
flexure strength at critical cross-sections as the critical design element. The design flexural
strength is required without crack or crack propagation limited to the outermost layer of
reinforcement on the tension surface of railroad tie (AREMA, 2020). Accordingly, current
concrete monoblock tie design practice involves checking the sectional moment capacity at these
critical sections and ensuring the allowable moment capacity can be sustained. Such sectional

analysis can be conducted efficiently with simplified methods.



Objectives

Since concrete monoblock tie flexural strength is identified by AREMA (2020) as the
critical design element, and because ballast support conditions are fundamentally linked to the
flexural behavior of the monoblock ties, an analysis methodology capable of accurately
modeling the flexural behavior of the prestressed concrete element 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 concrete monoblock tie under selected
ballast conditions and applied loads. The computational tool was further verified theoretically
and validated experimentally. The program includes function of design and analysis. To design a
new tie, the program can be used to check design criteria before conducting AREMA tie testing
for design approval. Furthermore, the program 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 on prestressed concrete railroad ties and summarizes the
railroad tie correlated research. In addition, this chapter describes the design and analysis
considerations including current design specifications.

Chapter 3 details the application of the center negative bending test to the existing and
new ties, estimating the load-deflection curve for further used to validate the developed
computational program. Additionally, this chapter also details the application of defining key
material properties following ASTM standards for further modeling needed.

Chapter 4 introduces the development of the moment curvature based computational
program to capture tie response behavior. This chapter goes through the theory of the flexural
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 comparison, and existing example. Furthermore, the validation is conducted through
comparison with experimental results.

Chapter 6 describes the method of uncertainty analysis in the tie flexural behavior. The
results can help to improve design procedures and increase understanding of observed tie failure.

Chapter 7 concludes the findings throughout this research.
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Chapter 2 - Literature Review

Railroad ties are an essential component of railway, integral parts of a railroad track
system are fastening systems, rails, railroad ties, and stone ballast. The purposes of ties are
transmitting tack load, maintaining position of rail gauge, and resisting lateral and longitudinal
movements (Kerr, 2003). Timber and concrete are the commonly used material for railroad ties,
other materials (steel and plastic) are also employed. Timber was dominated tie material before
the end of World War II in European. Concrete became one of the tie materials due to high
demand and supply shrinkage of timber material. There are two types of concrete tie: prestressed
monoblock tie and reinforced two-block tie shown in Figure 2.1.

The two-block tie has heavily reinforced concrete blocks connected by a steel rod. The tie
has ballast contact area concentrated on the both end which reducing cracking at rail-center, and
increasing lateral resistance. Additionally, the tie is more economical in production and
handling. The development of the tie began early 20" century, and the tie was adopted and
widely used after World War II. (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 seeking to use conventional concrete tie.

However, the attempts were failed by the reason of cracks at rail-seat and rail-center, and without

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



successfully used in Hungarian with wheel 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 tie. Prestressed concrete reinforcement has been pre-tensioned 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 transferred to concrete before reaching the rail-seat, and it improves crack resistance and
reduces prestress losses (Hanna, 1979). Furthermore, stability and performance of the track
system is enhanced when monoblock ties are employed. Germany had an early attempt to utilize
prestressing method in crosstie in early 20" century, unfortunately it was not successful due to
lacking of advance understanding in prestressed concrete technology. After the finding in
behavior of prestressed concrete member subjected axial load, the development in prestressed
concrete tie became popular after 1945 in Europe. Concrete ties were first used in 1893 in the
United States as recorded (Hanna, 1979), and more interest in utilizing prestressed concrete
technology began around 1960 as alternative crosstie option.

Concrete ties are expected to last twice as long as timber ties (Yu, Jeong , Marquis, &
Coltman, 2015). However, the concrete tie may not be able to reach its designed service life due

to varying failure types (Van Dyk, 2014):

e Rail-Seat Deterioration (RSD)

e Shoulder/Fastening System Wear or Fatigue

e Cracking from Environmental / Chemical Deterioration
e Flexural Cracks (rail-seat crack and rail-center crack)

e Derailment Damage

e Other (e.g., manufacturing defect)

e Tamping Damage

The University of Illinois at Urbana-Champaign (UIUC) conducted a survey internationally and
domestically to rank critical issues in concrete monoblock ties showing several distinct concerns.
Tamping damage was the critical problem outside of the United States, and RSD and

shoulder/fastening system wear or fatigue were the most common issues in North America (Van



Dyk, 2014). UIUC has conducted studies in RSD and fastening system damage by Zeman
(2010) and Chen et al. (2014). Flexural cracks are one of the failure modes but limited studies
have been conducted (Wolf, 2015). An incident at Bronx, NY in 2013 involved a CSX
derailment on the Metro-North track mainly caused by degraded monoblock tie with poor
support condition (center-bound support) (Marquis, LeBlanc, Yu, & Jeong, 2014).

Recent research regarding concrete monoblock tie includes rail-seat deterioration,
concrete materials, cracks, flexural bending at rail-center, and prestressing transfer length
according to Edwards (2019). Ballast support significantly influences monoblock tie
performance, and research has been conducted to examine tie failure modes with various ballast
supports through experimental work by Bastos (2016) and Finite Element (FE) modeling by Yu
et al. (2011). As flexural demand increases it becomes important to focus on tie capacity. Several
studies focused on optimization of tie capacity without changing the current tie geometry in
order to accommodate heavy-haul railway demand (Lutch, 2019; Harris et al. 2011). However,
relatively limited research is focused on monoblock tie behavior under bending especially after
cracking. Closely related research was carried out by Wolf (2015). Considering the current
empirical design approach, Wolf’s research investigated flexural demand at critical locations
through varying ballast pressure (Wolf, 2015). Wolf found flexural demand of tie is highly
dependent on the ballast condition which is hard to predict. The analysis method used Euler-
Bernoulli beam theory and complied with AREMA’s recommended analysis approach. From this
research Wolf concluded that AREMA’s current design recommendation is conservative in
assuming rail-seat load as a static point load. AREMA’s assumption is further used in this

research for developing the design/analysis computational tool.



Prestressed Concrete Monoblock tie Design Consideration

The primary failure mechanisms of concrete monoblock ties are: rail-seat abrasion,
flexural at rail-center, and rail fastener failure according to the rail industry in North America
(Lutch, 2009). Flexural strength of monoblock ties can be determined if the rail-seat load and
ballast support conditions are known. However, tie supporting conditions are variable, and it

significantly affects monoblock tie design.

Ballast Supports

As the flexural demand of the monoblock ties vary, it is important to know the tie
flexural behavior under various supporting conditions. The ballast support condition is known to
change over time due to repetitive loading, and this directly influences tie capacity to resist
bending. The track ballast under monoblock ties is tamped regularly to ensure track alignments
and ideal ballast support. The ballast is typically tamped under rail-seats and light tamping at
rail-center, resulting in lack of center support shown in Figure 2.2 (a). The center support
gradually forms after cyclic train traffic in Figure 2.2 (b). Subsequently, ballast support becomes
uniform in Figure 2.2 (c). Without proper track maintenance, the center bound condition may
occur in Figure 2.2 (d).

Varying ballast support results in diverse pressure between tie and ballast. According to
AREMA average ballast pressure is limited to 85 psi for “high-quality abrasion resistant ballast”
(AREMA, 2020). The computation of ballast pressure assumes uniform distributed pressure, and
it can be calculated by Equation 2.1. The ballast pressure limitation can be reduced depending on

ballast material quality.

IF 1/ DF
2P [1 + 7| (Fm ,
Average Ballast Pressure = [ 1/(1)0 (100) < 85psi Equation 2.1

P: Wheel load, kips

[F: Impact factor, %

DF: Distribution factor, %

A: Bearing area of concrete monoblock tie, in
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Figure 2.2 Monoblock tie reactions (International Union of Railways, 2004)



Flexural Crack

Flexural cracks can be induced from bending of 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 rail-seat positive bending and rail-center negative
bending (Edwards, 2019). With the track freshly tamped, there is little or no support at center
travel way of rail path. The rail-seat has greatest interaction, and the maximum positive moment
occurs here. Once the ideal uniform ballast is achieved, without proper track maintenance
concentrated pressure arises under the center of monoblock ties where the center bound support
condition gradually forms. Subjected to repeated track loads, vertical deformation of railroad tie
produces up-and -down pumping action which leads to pulverization of the ballast material
underneath rail-seat and tie deterioration (Lutch, 2009). Without proper maintenance, center
bound ballast condition may be formed. The large negative moment occurs at center of the tie,

resulting flexural failure (Lutch, 2009).

Design Specification -AREMA (2020)

The current railroad tie design specification, AREMA Chapter 30 Part 4 provides
recommendations in concrete tie design. The maximum allowable stresses approach is
recommended for prestressed monoblock tie design. The recommendation includes materials,
dimensions, loads, etc. The requirements for tie dimensions are addressed in Section 4.3
(AREMA, 2020), where

e Length:8' <L<9

¢ Bottom Width: w;, > 8"

e Top Width: w, > 6" from rail-seat to rail-end

e Depth: 6" < d < 10"

e Concrete Cover: min %"

The typical governing locations for tie deformation are rail-seat or rail-center, depending on
tie ballast condition. These two locations are evaluated for designing flexure of monoblock tie.
At the rail-seat, the positive bending moment, Bgg,, is the critical case. The governed support
condition is without support at center of tie where the track just been tamped. Thus, the AREMA
standard recommends zero center reaction factor, a, to determine unfactored design positive rail-

seat flexure (Equation 2.2). The standard gauge distance is 60-inches, and is recommended for



use in Equation 2.2 and Equation 2.4 (AREMA, 2020). The rail seat load, R, is calculated using
Equation 2.3. In Equation 2.3, the recommended axle load (AL) is 82 kips for freight traffic. The
distribution factor is defined by Figure 30-4-1 in (AREMA, 2020) with corresponding tie
spacing. The tie spacing is suggested between 20-inches to 30-inches, 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.

Brs, = 1[( 2R ) (L—g)%— Rs] , (kips — in) Equation 2.2
8I\2(L—g)+a(2g—1L)

R = 0.5(AL)(DF)(1 + IF), (kips) Equation 2.3

L = Length of monoblock tie
g = Rail center-to-center distance
s = Rail-seat width

Another critical case is the negative bending moment, B_, at rail-center, the tie is
lacking support at rail-seats. However, if the track is properly maintained, the center pressure can
be reduced. Furthermore, center bound condition can be prevented. Therefore, the ballast
condition is assumed partially consolidated for computing design center negative bending
moment. Equation 2.4 is used to calculate negative bending moment without including speed and
annual tonnage effects (AREMA, 2020). The recommended a can be found in AREMA Table
30-4-1 where the value is within 0.66 to 0.84 depending on tie length (AREMA, 2020).

1 [L2—1-a)(2g —L)? .
B._=—=R a-a)@g-L) —g|, (kips — in) Equation 2.4
27 2(L-(1-a)(2g - 1))

The factored design bending moment is taking speed and annual tonnage (V x T) into design
bending moment, and the factor may be determined by Equation 2.5. If the axle load beyond 82
kips, the factor should be taken as 0.7. Also, the factor should be 1.0 for axle load below 35 kips.

VXT =-0.0064(AL) + 1.2234 Equation 2.5

Additional design considerations are recommended for tie flexure design (Table 2.1), and

prestressed concrete mono-block ties design is recommended to comply with ACI 318 and PCI



design specification (AREMA, 2020). The tie is required to pass testing at critical locations to
approve the monoblock tie design. Furthermore, AREMA 2020 defines the capacity limit is the
crack propagated to first layer of steel instead of concrete crushing or steel rupture failure (Lutch,

2009).

Table 2.1 Design considerations

Pre-compressive Stress >500 psi  at rail seat area

Pre-compression <2500 psi at any location
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Chapter 3 - Experimental Testing of Monoblock Ties

Flexural Test

Rail-seat positive and rail-center negative are the governing cases in flexural design of
monoblock ties. Considering the cross-section is generally reduced at center region of tie, the
capacity that could be sustained is relatively smaller compared to rail-seat. Additionally, the
center bound boundary condition induces large negative bending moment at center region of the
tie. Thus, rail-center negative bending test was selected. The purpose of experimental work is to
collect load-deflection data at five different locations along the tie to validate the computational

tool discussed in this work.

Test Setup

The center negative moment test follows section 4.9.1.6 AREMA Chapter 30 Part 4
(2020) specification. A four-point bending testing setup was followed. Tie was placed upside-
down and simply supported at the rail seats. The tie was loaded on a 6-inch spreader beam at
center, and maximum constant moment were created between loading points. Deflections were
measured at five distances from the center-line of the tie, and a total of 10 liner variable
differential transformers (LVDT) were used. These locations were labeled from 1 to 10
following the direction East to West in the testing laboratory. Eight LVDTs were measured from
bottom surface of tie with distance 77, 14” and 21 away from center; another two LVDTs (#1
and #10) were located 2” from end of tie. LVDT#5 and #6 were placed under the tie, measuring
from top of tie-surface, located at 2.5” from center. Figure 3.1 shown the detail position of
LVDTs and schematic of setup.

A 5-power magnifying glass was placed in front of constant-moment region and cracking
behavior were recorded by a camera placed behind the magnifying glass (AREMA, 2020).
Figure 3.2 shows typical testing setup. A hydraulic actuator with 55-kips capacity used, and a
Keithley series 2750 data acquisition system was used to collect load and displacement readings
at three-second intervals. The ties were loaded at a rate between 1,000 to 2,000 lbs per minute
until first crack occurred; then the tie was loaded at rate of 0.02 inches per minute to failure. The
displacement-controlled loading region was intended to promote more controlled failure of the

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

Figure 3.2 Typical flexural test setup

12



Test Specimen

Ties selected for the test include three ties that were retired from service and six virgin ties.
Existing ties are over 25 years old and the material properties are unknown. The retired ties had
surface degradation, but overall were in good condition for experiment. New ties were made by
previous research at Kansas State University (K-State), and they were stored at K-State and have
never been loaded (Scott, 2019). Three types of tie were selected (Table 3.1), in total, 9 ties.
There were two type-F ties and one Type-C tie. Moreover, there were six CXT ties, including
two of each CXT-WB, CXT-WD, and CXT-WG (WB, WD, and WG referring to type of
prestressing wire). The critical cross-section was measured and is reported in

Table 3.2. The CXT ties were measured by (Bodapati, 2018). CXT shape tie had the geometry
values measured and calculated at each half inch increment, and it is used in Chapter 5 - for

program modeling and analysis.

Table 3.1 Description of tie design

Tie Design Manufacturer Scallop Tendon | - No. of 'ljendon
Type Tendon | Diameter
Existing Tie Type-F Florida East Coast (F.E.C.) | N.A. Wire 26 0.191 in.
Existing Tie | Type-C Con-Force Costain N.A. Strand 6 0.375 in.
New Tie CXT-505S CXT Yes Wire 20 0.209 in.

Table 3.2 Typical cross-section at critical location

Type of | Length Rail-Seat Center
Tie ,in | A in> [Lin* |h,in |ybin|ein | A,in> |Lin* |h,in |yb,in | ein
Type-F 99 7336 | 373.97 823 |4.16 | 1485253 |131.1 |5.88 [3.03 |0.35

Type-C 108 | 79.14 | 381.23 | 8.5 421 096 |59.56 |161.96|5.75 |3.36 |0.11

CXT-505S 102 | 87.36 | 634.72 1931 |4.55 |0.64|59.50 |278.44 7.5 3.70 |-0.22

13



(a) End
Figure 3.3 Typical type-F tie cross-section

(a) End (b) Center
Figure 3.4 Typical CXT tie cross-section

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

The testing results are presented as load versus deflection (P-3), and can be found in

Appendix A. Figure 3.7 to Figure 3.11 show the average results where tie is subjected to

maximum moment force. A trial test was conducted on CXT-[WB] tie, and the result was

included. It resulted in a total of three experiments for CXT-[WB] tie, and total of 10 tests were

performed. The cracking force was determined by visual observation during testing and checked

by reviewing recorded video. Figure 3.6 shows the typical flexural cracking pattern. For type-C

tie, the initial cracks occurred outside of camera frame, so the value was taken during the test.

Table 3.3 presents flexure test results, including force at first crack (Pc) and ultimate (Pui). The

experimental result shows the consistency in average Pc; and Pyic from same tie design group.

Figure 3.6 Flexural cracking pattern

Table 3.3 Crack and ultimate force of each test

Average Per,

Average Pu,

Pcr, Ibs Ibs Pult, Ibs Ibs Pcr /Pult
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_WDI1 | 20,524 37,998
CXT _WD2 | 21,090 20,807 38,675 38,337 0.543
CXT_WG1 | 21,000 38,098
CXT _WG2 | 20,833 20917 37,567 37,833 0.553
F-1(F3) | 10,958 19,005
F2 (7 | 10500 10,729 19735 19,370 0.554
C-1(C5) | 13,500 13,500 23,014 23,014 0.587
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Figure 3.7 Load-Deflection curve for CXT-[WB] ties
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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 for type-F ties
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Figure 3.11 Load-Deflection curve for type-C tie
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Material Properties

The goal of this section is to obtain concrete compressive strength (f°¢) and Young’s
modulus of 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 minimum 12-inch length. Then
cores were drilled perpendicular to the cross-section of tie between rail-end to rail-seat region

where the tie was not damaged from previous experiment, shown in Figure 3.12.

Figure 3.12 Saw cutting and drill coring tie

Due to the reinforcement pattern in railroad tie, the core size is limited to 2-inch diameter. The
procedures followed latest ASTM C42/C42M. At least two 2 x 12” cylinders were obtained
from each tie. The testing samples were size 27x4” after being saw cut into preferred length. The

samples were capped to ensure the end surfaces were parallel to the plate of compression

Figure 3.13 Capped concrete specimens
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Concrete Compressive Strength ()

For the concrete compressive strength test, three cylinders were prepared for each tie, a
total of 21 concrete cylinders. The specimens were measured prior testing. Diameter was
measured at top, middle and bottom. Length was measured three times 120 degrees apart before
capped. The measurements are presented in Table 3.4. The overall length to diameter ratio (L/D)
is 2.0 which is above 1.75 so the strength correction factor is not required according to ASTM
C42/C42M section 7.2.1 (ASTM Standard C42/C42M, 2020).

To determine compressive strength of concrete cylinder, latest ASTM C39/C39M
standard was followed. Specimens were loaded at a rate of 35 psi per second to failure, shown in
Figure 3.14. The compressive strength was calculated by Equation 3.1 as stated in ASTM
C39/C39M (ASTM Standard C39/C39M, 2020).

_ 4Pnax

' Equation 3.1
fC_ T[DZ qu !

Table 3.4 Drilled cores measurement and compressive strength

Specimen | dave., in | Lave,in | L/D Pmax, 1bs 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
WGI1-2 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
C5-1 2.01 4.02 2.00 21,361 6,762
C5-2 2.01 4.02 2.00 23,218 7,332
C5-3 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 found in Table 3.4 and the average compressive strength is

shown in Figure 3.15. Same tie and same design group show variations in compressive strength

which can be observed from testing results.
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Figure 3.15 Average compressive strength
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Concrete Modulus of Elasticity (E.)

This section includes actual concrete Young’s modulus of elasticity obtained through
experimental work. The test utilized ASTM C469/C469M specification. The sample was 2-inch
by 4-inch 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 are listed in Table 3.5. The
gauge length is 2-inches, as recommended 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 to 40% of the
average ultimate load (Table 3.6). A LVDT was used to capture displacement, and a Keithley
series 2750 data acquisition system was used to collect data readings. The test setup is shown in
Figure 3.16.

Table 3.5 Specimen measurement

Specimen | dI 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 4336 4.334| 4351 |22

WGI1-1 [ 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 |4.036 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
C5-1 2.006 2.012 2.006 | 2.008 | 4.016 3.983 3.999| 3.999 | 2.0
C5-2 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 | 4075 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 average ultimate loading load

40%Pmax, 1bs

CXT WB 4296
CXT WD 3311
CXT WGl 3905
CXT_WG2 3644

Type-C 2815
Type-F (F4) 2417
Type-F (F3) 2835
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Figure 3.16 Typical Young’s modulus of elasticity setup
The Young’s modulus of elasticity can be calculated by using Equation 3.2 as below:

E = (52 - 51)/(82 - 81) qulation 3.2

In Equation 3.2, S> is the stress at 40% of ultimate load, and corresponding strain is &>, € is
strain at 50 millionths, and S; is the corresponding stress (ASTM Standard C469/C469M, 2014)

The €1 may be beyond the specified point as shown in Figure 3.17 to ensure the load is fully

applied.
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Figure 3.17 Typical testing result in stress versus strain

The calculated E. is presented in Table 3.7. For sample F3-1, the test data is invalid so it
is eliminated, same as first test of WG1 specimen. For new design tie group (CXT), the result
shows WB demonstrates greater E values than others even though they had concrete release

strength around 4,500 psi (Bodapati, 2018). WG2 and C5 have differences within 3%, and

approximately 30% variance is observed in WGI.

Table 3.7 Young’s modulus 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
WGI1-1 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
C5-1 2537.69 | 2544.27 | 2379.74 2487.23
C5-2 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 correlation (DIC) system was used to capture tie deformation at
constant moment region. DIC measures structure deformation based on an optically non-contact
and non-interferometric method. Digital images were captured throughout the testing, and image
analysis was performed by GOM ARAMIS Professional 2020 software. DIC measurement was
based on the correlation between selected reference image and distorted images.

A CXT 505S [WI] tie was selected. Center region of the tie was patterned since the tie
has a smooth surface without natural texture. The pattern was applied on the front surface with a
thin layer of white background. Then an average 0.08 inches + 0.02 inches diameter black dots
were applied, and patterning dot size should be slightly varied to efficiently minimize noise
shown in Figure 3.18. A good pattern was recommended approximately ratio of 50 to 50 white

and dark pixels. Per facet size contains 3 to 5 pattern features per facet size.

i?igure 3.18 Ty;ical lﬁ%.pattern
The selected DIC measuring system includes GOM ARAMIS Adjustable 2D/3D 12 megapixels
(12M) camera system, and GOM testing controller. For this experiment, strain in horizontal
direction was the quantity-of-interest (QOI), and region-of-interest (ROI) was between loading
points. Stereo-DIC was used two cameras with a recommended camera angle 25 degrees and
16.93 inches camera distance. ARAMIS adjust based was placed approximately 41 inches away
from specimen parallelly. Detail DIC parameters are listed in Table 3.8, and typical DIC setup
shows in Figure 3.19.
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Figure 3.19 Typical

. -

DIC setup configuration

Table 3.8 Digital image correlation parameter (Jones & Iadicola, 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 in an image (width
x height)
Partial image 1/3 height

Lens Manufacturer, Model,
Focal Length
Length of FOV

Schneider Xenon Opal 2.8/12-0905
12 mm
1150.11mm (45.28 in.)

Region of space projected through lens system onto
camera detector

Average Image Scale

Stereo-Angle

3.56 pixel/mm

25 degrees

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

Angle between the optical axis of each camera
system

Average SOD

Image Acquisition Rate

1058 mm (41.65 in.)

7 Hz, plus 4 frequency divider 160
additional images

Stand-Off Distance/Measuring/Working Distance:
distance between aperture of lens and test specimen

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 test specimen

Approximate diameter of pattern features

Aperture
Calibration Object

f15.6 (range: f/2.8 - f122)
CC20/1400/CG1277

Variable opening by which light enters camera

GOM calibration panel CC20/1400/CG1277 was used to calibrate sensors following instructions

from ARAMIS software. The calibration deviation was 0.043 pixels which is within the

deviation limit 0.05 pixels. To endure good contrast, a 7500-lumen LED panel light was shone
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on ROI. A surface component was created with facet size 21 pixels and point distance 20 pixels
to ensure the system captured desired image. Adjusting lighting environment would help to
improve quality of surface component and reducing noise.

The specimen was loaded following same testing procedure as mentioned. The DIC
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 test. Two of these clicks were targeting at
initial cracking occurred. The final two were spaced out during the displacement-controlled
loading region, either when a crack was audibly heard or as the load approached expected
failure.

The testing data was analyzed by GOM ARAMIS Professional 2020 software. Point-wise
inspection was conducted at midspan of the tie. No image filtering or smoothing was applied.
The analysis was focused on determined initial cracking so strain in x-direction was the
quantities of interest. The noise was within acceptable range, thus no Spatial and Temporal filters
applied to strain for a cleaner visual. Maximum strain was set at an average of 5000 pm/m, and
minimum strain at an average of -750 pm/m. The crack developing displays as strain on the
surface component shown in Figure 3.20. The testing result acquired from DIC system can be
found in Figure 3.21 and Figure 3.22. The results were from the points (Point 13 and Point 14) in

the constant 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 development visualization
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CXT 5058 [WJ] Load vs Strain-x
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Figure 3.21 DIC result of load v.s. strain-x curve for CXT-[WJ] ties (DIC)

CXT 5058 [WJ] Load Deflection Curve

45000
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Figure 3.22 DIC result of load v.s. deflection curve for CXT-[WJ] ties
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Chapter 4 - Monoblock Tie Analysis Program

Concrete ties in North America are recommended to follow the AREMA standard. Part 4
of AREMA discusses general aspects of the design (materials, dimensions, and loads).
Additionally, structural strength and testing method are included for reinforcements pre-
tensioned prior to concrete casting (AREMA, 2020). Track system assures a smooth and stable
railway and provides support for combined forces (vertical, lateral, and longitudinal force).
While trains travel along the track, concrete monoblock ties resist dynamic wheel load
distributed by rail.

Considering the track as a beam on an elastic foundation, the load distribution is affected
by tie spacing, supporting condition, rail rigidity, and axle distance (AREMA, 2020). This
distributed load is transmitted to the rail-seat, and it induces the bending forces on monoblock
tie. Subsequently, concrete monoblock ties deform and degrade in response to this load. It is
desirable to capture tie response behavior so that the prediction of monoblock tie deformations
can be made.

To predict tie performance, there are two criteria that should be properly pre-determined:
track system (rail-seat load and ballast support) and prestressed concrete properties (cross-
section, prestressing reinforcement, concrete, cracking, losses, etc.). Additionally, the tie cross-
section may not be simple rectangle. To provide lateral force resistance, scallops are placed on
the side of tie to increase lateral resistance which can be found in newer tie designs. The scallops
result in a complex shape of tie cross-section. A common dimension of prestressed concrete
railroad tie is minimum 8 ft. long to ensure adequate bond transfer (AREMA, 2020). However,
tie geometry is not specified. In general cross-section is reduced at rail-center compared to rail-
seat, and the cross-section shape is varied depending on tie manufacturer. To include the effects
of changes in geometry, a numerical approach based on Moment-Curvature principle is
employed for 1) design and 2) analysis of the flexural behavior of prestressed concrete
monoblock ties.

The computational tool is computing M-C curve for each slice of tie where the tie can be
divided into minimum half inch slice. At this stage, the crack propagation can be observed on
concrete strain diagram. Then repeating the same process of computing M-C curve along the tie,

and the rotation can be determined at a particular moment. Finally, deflection of tie is calculated
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by using moment-area method, additionally changes in rail-seat center-to-center spacing can be

defined.

Moment Curvature

Moment-Curvature (M-C) relationship represents the actual performance of nonlinear
material member subjected to combined forces, and it is commonly used to analyze the cross-
sectional behavior of reinforced concrete members. Prestressed concrete members are subjected
to axial stress from the prestressing force, external bi-axial load, and bending moment from the
external load and from prestressing force eccentricity. It is desired that the member stays elastic
but it is also important to predict member capacity beyond elastic behavior.

The material flexural rigidity is the product of moment of inertia, 7, and Young’s modulus
of elasticity, £. Moment of Inertia depends on section geometry while £ depends on the material
properties of the member. For reinforced concrete the cross-section stiffness depends on the
amount of reinforcement, level of cracking, and change in strain distribution in cross-section.
Thus, instead of directly using EI as stiffness for the design, the reinforced concrete cross-section
stiffness could be directly determined from the slope of the M-C curve which includes the effects
of materials, cracking, stiffness due to tendon, effective cross-section reduction, and long term /
short term effects of prestressed concrete (Anwar & Najam, 2016). EI is the moment, M, divided
by rotation, @. Rotation is the ratio of the strain to the compressive depth when the member is
subjected to flexure (Anwar & 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 with iterating depth of neutral axis, and then iterate to find
a force equilibrium condition. As shown in Figure 4.1, concrete strain distribution could be
plotted based on the assumed concrete strain of compressive surface. Then the strains and
stresses could be determined. Based on assumed strain value, the moment force can be calculated
once the force equilibrium condition is achieved. Accordingly, the curvature value can be
determined. Repeating procedures with varying concrete strain of compressive surface, the M-C

curve can be completed for specific cross-section.
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Figure 4.1 Concrete stress distribution

Material Constitutive Relation

Concrete

The Hognestad model is used to determine compressive stress in this research. It is from
“Reinforced Concrete Structures” (Park & Paulay, 1975). The concrete stress-strain relationship
is shown in Figure 4.2.

Concrete Stress-Strain Curve

o —
ot e,
B - . -—_
4 - <
g
w2
A
0 'y
F
’!
_2 q F
4
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 line in the Figure
4.2), until concrete stress reaches the elastic limit 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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the Figure 4.2), and the concrete stress begins to descend right after concrete stress passes peak
stress (dash-dot line in the Figure 4.2). Completed curve is estimated by Equation 4.1 through
Equation 4.3 (Park & Paulay, 1975; American Concrete Institute, 2019).

Elastic fe = Ec&. Equation 4.1
. 2£C gC 2 .
Elastic - g, fe=f|1—- (—) Equation 4.2
<<‘:"O SO
£0-0.004

(Linear Decreasing) f. = f[1—100(¢, — &,)] Equation 4.3

f’c: maximum stress in concrete, ksi
Ec: concrete modulus, ksi

&,: Strain that corresponds to peak stress, in/in

4
& : Concrete elastic limit stain at 0.5f;, €, = 0.5/c / E
Cc

, in/in
The strain corresponding to peak stress can be determined by solving Equation 4.4 for €,when
concrete stress is at elastic limit point.

2¢& £.\2
0.5f. = f/ le_c — (S—C) l Equation 4.4
o (0]

Furthermore, tensile strength of concrete is assumed approximately 10 percent of concrete
compressive strength (Park & Paulay, 1975), and behaviors linearly up to maximum tensile

strength.

Prestressed Tendon

There are several equations used to estimate force in prestressed reinforcement.
Precast/Prestressed Concrete Institute (PCI) Design Handbook 7" Edition provides the design
stress-strain curve for Seven-Wire Low-Relaxation prestressing strand. The stress in prestressed
strand can be determined by using Equation 4.5 and Equation 4.6, applying for tendon tensile
strength at 250 ksi and 270 ksi respectively. For prestressing wire, a proposed wire strength
formula can be used (Equation 4.7), this model is a modified Ramberg-Osgood function from

research conducted at Kansas State University (Chen 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 specific wire types.

£ps < 0.0076  fig = 28,800¢,,

PCI Strand (250) Equation 4.5

0.04

0076  f, =250 - ———
gps > 0.0076 s &5 — 0.0064

£ps < 0.0085 o = 28,8008,
PCI Strand (270) Equation 4.6

> 0.0085 f,, =270 0.04
Eps . ps ™ gps — 0.007
foo = Ee,o |0 + -0
. ps = L&ps 1
Wire Strength e E\R /r Equation 4.7
Formula 1+ ( L >
| Kfy

K=1.0355, 0=0.0180, R=7.4386

Flexural Response
After material relationships are defined, the response of the flexure in beam can be

presented. The Moment-Curvature is used, and the basic flexural theory are as following below:
Assumptions
M-C curve is the relationship of action with corresponding deformation.
There are three assumptions:

e Plane section remain plane: Navier’s hypothesis

e Bond between concrete and reinforcement

e Stress-Strain relationship of concrete and tendon

There are three stages 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 and displays nonlinear material response. Therefore,
there are certain stages occurring in beam behavior that are recommended to be defined for

constructing a completed M-C curve.
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1. Initial, @n;,, due to effective prestress in tendon where Mextermna=0

2. Cracking, @,
3. Nominal Capacity, @, , where &., = 0.003

Before loading, Mexierna=0

For non-prestressed members, there are no stresses and strain prior to external load being
applied. Contradictorily, prestressed concrete members are designed to be pre-compressed via a
group of high-tension reinforcement. This pre-compression enables the member to sustain higher
load. Under force equilibrium condition, pre-compression relates to the strain in steel.
Accordingly, the concrete undergoes stress and strain even though no external load is applied. To
determine the strain in concrete at the level of steel, the concrete strain distribution should be
computed first as shown in Figure 4.3. At the initial stage, the strain in the concrete on top and
bottom of section is computed by using Equation 4.8 and Equation 4.9. The initial strain is varied

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

changed.
P Pe
= —— 4+ Equation 4.8
o 1T q
o
£=< Equation 4.9
Etop .
r
hy
(I’init
) &
(€)init
\[\

Eb{:ot

Figure 4.3 Concrete strain distribution at initial stage
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Since the location of the tendons are known, the pre-compression is found by using
concrete strain distribution and similar triangle approach. The same method is also used to
calculate rotation at initial stage, @;p;r. Dinir 1S the ratio of distance from concrete surface to
neutral axis to the corresponding 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 318-19, modulus of rupture, f;, is calculated using
Equation 4.10 where prestressed concrete tie is designed as Class U uncracked member
(American Concrete Institute, 2019). The theoretical cracking moment, M,,., can be defined by

solving Equation 4.11. The corresponding curvature, @, is calculated according to Equation

4.12.

fr = 7.5Jf , psi Equation 4.10
P Pe_M,, _
=——=x1— Equation 4.11
fr==gt5 7t a
M, — M,
Der = — Equation 4.12
E,l

M;,;¢: the moment force from effective prestress force times eccentricity of prestressing, kips-in

Ec: Young’s modulus of elasticity, ksi

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,
e, times compressive concrete area. The concrete area is varied on the compression depth
which iteratively determines the force equilibrium. For the rectangular cross-section, width of
cross-section is constant, the concrete force can be computed by Equation 4.13. Equation 4.13 is
obtained by integrating the Hognestad model (Equation 4.2) times cross-section width with
respect to variable x on interval zero to compressive depth. The distance from the centroid of

compressive block to neutral axis is determined from Equation 4.14.
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? Dx
C. = bf! g—x2 [1 - — Equation 4.13
0

3¢g
7= 8€°_S®x] Equation 4.14
X=x 12, — 40x quation 4.

x: compressive depth, in

. . . . & .
@: ratio of strain at compression surface to compressive depth, c/ x> rad/in

If the cross-section is not simply rectangular or the “stress and strain are varied over the

depth of the member” (Mitchell & Collins, 1991), the section force can be evaluated layer-by

layer as shown in Figure 4.11.

} An ::CC[[
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’

/

Strain

£,

Stress Area Force

Figure 4.4 Concrete stress-strain relationship (Mitchell & Collins, 1991)

A numerical approximation approach is used to determine the concrete compression
force, C.. First, the compressive depth is divided into even layers, n. Then, the stress is
computed by using Hognestad model at each layer, and the average stress is taken (Equation
4.15). The resultant concrete compressive force is equal to the stress, f.,, multiplied by the

corresponding area at each interval. Subsequently, total internal concrete compressive force is

the summation of concrete compression force from each layer.

-1t
fin = M Equation 4.15

To avoid double-counting the area of concrete and steel, the area of reinforcement at each

layer is subtracted from the area of concrete. At each layer, area of reinforcement can be

determined by computing area of a segment in a circle. If the reinforcement has been sliced into
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two segments (Figure 4.5), in this case, minor circular segment can be computed by using
Equation 4.16. Remaining circular segment can be computed by total area of circle subtracting

minor circular segment.

Figure 4.5 Minor circular segment

1
A= > [RS — ar] Equation 4.16
S=R6
a=+R%2—12

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

S = arch length, inch

O = central angle, rad.

r = height of the triangular portion, inch

If the reinforcement has two parallel chords on the same side of semicircle (Figure 4.6
(a)), the area of reinforcement is the difference of two minor segments. On the other hand, if the
two parallel chords are on a different side of semicircle (Figure 4.6 (b)), the area of

reinforcement is the total area subtracted by two minor segments.
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(b)

Figure 4.6 Reinforcement has two parallel chords.

The model for computing stress in prestressing steel depends on the level of strain. Strains
include three components as below:

1. &g, strain in prestressing due to effective prestress after losses

2. &g, 1nitial concrete strain at each layer of prestressing steel without external load

3. &, strain in the concrete at each layer of prestressing steel under specified moment

The strain distribution is presented in Figure 4.7, including the strain distribution before and after
external load is applied. Total strain in prestressing steel is summation of the three components,
and applied to the selected prestressing stress-strain model. Total tensile fore is summation of
resultant tension force, 75, at each layer of reinforcement. T, can be computed by stress in

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

After the internal forces are defined, the compressive depth, Y, can be found when force

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

The first part of the code handles design considerations (the user input information), and it

includes tie geometry, concrete and steel material properties, prestress tendon pattern, and

selection of ballast condition. There are four categories of design considerations as below:

1.

Static Rail-Seat Load, R
The design rail-seat load can be calculated by using Equation 2.3 when AL, DF and IF

are determined. Then the ballast pressure is computed and checked (AREMA, 2020).
Ballast Support Condition

The user selects pre-defined ballast support as shown in Figure 4.8, and defining desired

distance.
B E
1 a L 1
(1) - @ |
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* {r + L2 +
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2) = | (5) |
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W | & X + 1/2% +
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=t |
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+ T + HKb— 1.2-3a-Xb . b + 12X

Figure 4.8 Program ballast options

Tie Geometry and Concrete Properties

For tie geometry, the user is allowed to determine desired length of monoblock tie and
gauge length. Then details of tie shape information are required to determined cross-
section properties, such as cross-sections, distance between cross-sections, and number of
cross-section before rail-seat and in between rail-seat and rail-center. The cross-section
can be defined by x- z coordinate system (Figure 4.9). If scallops are preferred, the shape
and location is defined by y-z coordinate system (Figure 4.10 (a)). Moreover, top and
bottom width is the thickness of scallop in x-z coordinated system (Figure 4.10 (b)), and

it is required to be determined by designer. The program is designed to input coordinates
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in a clockwise pattern starting from the bottom left. To be noted, it is important to not

intersect points of polygon which will interrupt section properties computation.

For concrete properties, concrete Young’s modulus of elasticity will be computed using

initial (at time of de-tension) and long-term concrete compressive strength. The minimum

28-days design compressive strength will be checked with AREMA (2020) requirement

which should be at least 7,000 psi. If the requirement has failed to be satisfied, the

program can either be interrupted or allowed to continue based on user preference.

Furthermore, modulus of rupture, f, is calculated using Equation 4.10.
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Figure 4.9 Cross-section defining diagram
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Figure 4.10 Scallops defining diagram

. Prestressing

There two types of prestressing tendon that can be used in the analysis program, low-
relaxation prestressing wire and 3/8” -diameter low-relaxation 7-wire strand. The
correlated properties can be user preferred, and prestressing wire has an option to use
experimental data from (Chen Y.-S. , 2016). Next, the placement 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,
including user defined losses, AASHTO Approximated Method, AASHTO Refined
Method, and PCI Method.

It is important to ensure that the prestressing force is fully developed in the distance
between tie-end and rail-seat. Transfer length, L., and developed length, Ly, will be
computed by equation from (Momeni, 2016) and (Bodapati, 2018) corresponding in order

after wire type is selected.
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Once design parameters are determined, the program will check the design elements with
correlated requirements. If it fails to satisfy code recommendation, the adjustment of design
assumptions will be needed. Then the second part of the code will proceed, and the program

processing flowchart is presented in Figure 4.11.
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Crack Height Stress Checking at
Specified Location

M/EI Diagram
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Figure 4.11 Analysis program process flowchart
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Second part of code is computation, including

Moment, k-in

1.

—400
—350 -
-300
—250 -
—200 -
—150 -

=100 1

=50 4

Computing moment and shear force based on user selected ballast condition and rail-seat
load.

Moment-Curvature is different for beams subjected to positive or negative bending. The
program default setting computes positive curvature at rail-seat and negative curvature at
rail-center (Figure 4.12), and can be changed depending on user preference. The single
cross-section analysis is performed, and the estimated crack height and ultimate moment
capacity can be observed.

To compute deflection of the tie, the M-C curve will be generated at each slice following
the procedure as described earlier in this chapter. The positive or negative curvature is
based on the subjected bending force, relying on the tie ballast condition. The radius of
curvature value corresponds to the computed moment force on the specified M-C curve.

The stress limits can be checked at specified point and the limits are listed in Table 4.1.

Table 4.1 Concrete stress limits (American Concrete Institute, 2019)

Tension Compression

End of Simply Other Locations End of Simply Other Locations
supported supported

At Transfer 6 ’ 1l 3 ’ fei 0.7 0.6/

At Service < 7.5\/E (Class U) 0.60f

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 third part of code is using the radius of curvature values which have been defined in
the previous part. A M/EI vs. tie length diagram is plotted (Figure 4.13), and deflection and slope
are estimated at each increment. Figure 4.14 presents the output of computing slope and
deflection curve. The typical deflection plot includes total deflection (blue dotted dashed curve),
initial deflection due to prestressing reinforcement (yellow dashed curve), and deflection due to
concrete (red solid curve).
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Figure 4.13 Typical M/EI diagram by program

Slope, theta Deflection, Delta
030

== (Concrete
Initial_P/5.
- Total

0.004
0.25

0.002 /—/‘ 030
0.000 015

0.10
—0.002

0.05

Slope,rad

—0.004
0.00

Figure 4.14 Typical slope and deflection diagram by program

Moreover, the crack propagation distance, d., is computed. The crack strain can be an

user defined value or 7.5,/ f//E according to ACI specification. Under a point of interest in M-C
curve, the crack height can be estimated using similar triangles in the strain distribution as shown

in Figure 4.15.
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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 by slope, O, times
height of the rail, /.4, and change in rail gauge width, 4., can be determined by rail height times
O as shown in Figure 4.16. The total gage width is summation of gauge length and 4, at each

side of rail-seat.
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Figure 4.16 Tie-seat center-to-center measurement
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Chapter 5 - Code Verification and Validation

To establish accuracy and reliability a verification and validation (V&V) approach can be
employed after development of the numerical program. Verification is the process to evaluate
program response accuracy in a controlled environment by comparing computational results to
the anticipated values from the developer. Validation is the process of evaluating the program
performance in a realistic environment, checking whether it fulfills the intended purpose or

matches experimental measurement (Oberkampf & Trucano, 2008).
Verification

In this section, code was compared with the corresponding analytical solution or
numerical solution at each intermediate step, where the answer should be the “correct answer”.
The "correct answer" is an appropriate benchmark including highly accurate solutions. These
benchmarks often are isolated examples where the uncertainties are minimized or eliminated.
(Oberkampf & Trucano, 2008).

There are three benchmarks chosen to verify the code, including
Case 1- A rectangle cross-section beam with a row of prestressing wires, the benchmark
type is numerical and analytical solutions given by self-built M-C approach
Excel spreadsheet program.

Case 2- A simplified concrete beam with a simply supported condition, the benchmark

type is numerical solution given by structural design software, RISA.

Case 3- A prestressed concrete monoblock tie analysis at critical points (Rail-Seat and

Rail-Center), the benchmark type is analytical solution of an existing tie analysis
case given by Michigan Technological University (Lutch, 2009).
Case 1 - Code to Hand Solution
An example chosen in verification is a uniform 8-inch x 4-inch rectangular prestressed
concrete beam cross-section, and assumptions are listed below:
> Concrete compressive strength f =7 ksi,
» Grade 287 [WC] wire, (6) 0.209”-diameter prestressing wires,
Eps = 28,747.51 ksi, fpy = 255.55 ksi
» Prestressing force (after all losses), fie = 173.83 ksi

» Center of gravity of the wires is 1-inch from bottom of the beam
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To ensure the code performed and functioned correctly, the numerical algorithm had been
carefully evaluated throughout the process in determination of moment and curvature from initial
stage (Mexternal = 0 k-in) to the ultimate capacity (compressive concrete strain at 0.003). The
codes were compared with hand solutions step by step, and detailed hand calculations can be
found in Appendix B. The hand solution consists of section properties calculation, stress and
strain calculation and checking with specification, and a single point of M-C relationship at top
fiber strain, &, of 0.001. Once a single point of M-C response was confirmed, an Excel
spreadsheet was developed to perform repetitive procedures to construct a completed M-C
diagram. Appendix B presents the detailed calculations by Excel program and the results
generated by computational program.

A good agreement is observed between hand/Excel solution and computational program.
The Excel calculation and program computing results are shown in Table 5.1, and plotted M-C
diagram are shown in Figure 5.1.

Table 5.1 Comparison of computing M-C response results

Excel Program Difference, %

Ect ®, rad/in M, k-in ®, rad/in M, k-in () M
At M=0 -1.32E-04 0.00 -1.32E-04 0.00 0.0% 0.0%
Crack 9.15E-05 181.80 9.15E-05 181.80 0.0% 0.0%
-0.0008 1.54E-04 214.70 1.54E-04 214.73 0.0% 0.0%
-0.001 2.27E-04 231.91 2.27E-04 231.93 0.0% 0.0%
-0.002 6.55E-04 293.40 6.55E-04 293.44 0.0% 0.0%
-0.003 1.12E-03 318.52 1.12E-03 318.70 0.1% 0.1%
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Figure 5.1 M-C curvature comparison
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Case 2 - Code to Code Comparison

In this section, a commercial finite element software RISA was used. The comparison
included moment, shear, and deflection at rail-seat and rail-center location. An 8’-3” long simply
supported rectangular beam with uniformly distributed load was selected, and positive and
negative loading situations were included. The prestressed tendons were included in the
developed program, and transformed section properties were used. On the other hand, RISA
model used concrete beam without reinforcement. Additionally, the behavior after elastic region
of beam were not included in this comparison.

Figure 5.2 presents defined cross-section and calculated properties in the developed

program, and Figure 5.3 shows the RISA model and defined properties.

Cross Sesction L=99in
; ............................................................... Width —10 in
5 T Height =7 in
¢ NA e = 6500 psi

Z-axis, in

Ec=4595.5 ksi

: E . . . . * * Yb :3:.5” .
! l Ixﬁtran =285.85 IIl4
’ ' J T T T - St tran:81.6 iIl3
o 2 4 ) & 8 10 -
X-axis, in Sb_tran=8 1 7 in3

e =10.0536 in
P=118.05 kips
dp=1[5.5",4.25,3.0, 1.5”]

Figure 5.2 Cross-section and properties from Python code
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Figure 5.3 RISA model and properties

The 0.12 kips per inches uniform distributed load was applied, and the moment force at center is
147.05 kips-in which is below cracking moment force. The cracking moment and load could be
found in Figure 5.4, and the moment-curvatures used to determine deflection in the code. The

cracking load (wcr) could be determined by solving Equation 5.1 for simply-supported beam.

_ P Pe\ wg,L* w,L? .
— — 4 —) = — Equation 5.1
Mer = +3 (fr AT ) 4 8 1

Positive-Moment Negative-Moment
—350
—300
= —250
. e
M= 185.87 k-in S -200 M=-172.88 k-in
T T T w015 Win £ [ “Wa=-0.14 k/in
o —150
=
=100
=50
o
0.0e+00 25e-04 50e-04 75e-04 10e-03 13e-03 15e-03 18e-03 0.0e+00 -2.5e-04 -5.0e-04 -7.5e-04 -1.0e-03 -1.3e-03 -1.5e-03 -1.8e-03
phi. radfin phi. rad/in

Figure 5.4 Moment-Curvatures of positive and negative loading
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For analysis program, the beam is subjected to positive and negative moments, and
vertical displacements were shown in Figure 5.5. Since the developed codes handled positive and
negative bending individually, the purpose of generating two deflection curves was to verify
outputs and eliminate error. The identical results were observed at rail-seat and rail-center.
Figure 5.6 presents the deflection curve result from RISA. Furthermore, the calculated forces and
deflections were shown in Table 5.2. The difference is 0.45% at rail-seat, and overall the code
has good agreement with RISA in force and deflection.

Deflection- 10" x7" w=0.12Kk/in
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Figure 5.5 Deflection curve by code (a) positive bending (b) negative bending

52



Member M12 ,LC 3: 4

-014
-028
-.042
-.056

-07
-.084
-.098
-112
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0 9.9 10.8 20.7 39.6 49.5 50.4 69.3 79.2 891 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| §,in |Mk-in|V,k| 9, in M A\ o
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 Tie Analysis Example

To prove the accuracy of moment-curvature, at concrete compressive stains of 0.003, the
code computation results should match to the method of strain compatibility. This section intends
to verify nominal flexural capacity, M,, by comparing the tie design example by Russell H.
Lutch from Michigan Technology University (Lutch, 2009). The comparison focused on critical
sections (rail-seat and rail-center). The example followed 2003 AREMA, ACI 318-08 and 2004
PCI design specification for analysis and design, and also included detailed design properties. A
CXT 505S-50 tie design from LBFoster was used and the cross-section at critical locations is
shown in Figure 5.7.

In the example, the nominal positive and negative capacity were defined by the strain
compatibility method. The design tie assumed 4.5 ksi concrete strength at transfer and 7 ksi 28-
days design strength. A total of twenty 5.32-mm-diameter prestressed wires were used, and the
wire positions were as listed in Table 5.3. The Python program utilized the same concrete
properties but steel properties were not the same due to the unknown stress-strain model in the
example. Thus, the stress in the prestress wire was calculated using Equation 4.7 with specific
parameters (Q=0.016, K=1.037, and R=6.795) for WG wire which has the nearest f,, to the

example. The detailed inputs and calculated values are presented in Appendix C.

———0.10£0.13————

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

Figure 5.7 Michigan Tech design tie cross-section (Lutch, 2009)
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Table 5.3 Michigan Tech prestressed tendon positions (Lutch, 2009)

Layer number | n | dp bot, in
1 2 1.3125
2 2 1.5625
3 2 2.5
4 2 2.75
5 2 3.6875
6 2 3.9375
7 2 5.125
8 2 5.375
9 2 6.3125
10 2 6.5625

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

Code inputs followed the example as closely as possible, and CXT tie section properties
incorporated the measurement data from (Bodapati, 2018). The properties and losses
computation results can be found in Appendix C. As shown in Table C. 2, the cross-section
property values at rail-center were up to 2.7% different and it results in a 12% variance in
eccentricity. The nominal moment capacity results are listed in Table 5.4, and the M-C curve
generated from the computational tool is presented in Figure 5.8. A good match was observed at
rail-seat where the difference is within 0.5%. However, at rail-center subjected to negative
bending, the computed result is 1.4% lower than Michigan Tech example. The close match in

rail-seat result indicates minor affect by the difference 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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Figure 5.8 M-C diagram at rail-seat and rail-center
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Validation

This section is to validate the developed program by comparison with flexural testing
results. The point of interest is the overall deflection at rail-center, and four-point loading
configuration was modeled 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, CXT tie, the properties of cross-section, wire
type, and concrete were known. The experimental result of wire stress-strain relationship was
used. For the existing tie group, the known properties were cross-section and concrete strength.
This tie was cast with a steel bar on the bottom of tie to protect brass inserts which were
previously used for laser speckle imaging reading. A groove was observed after the steel bar was
removed, the groove area was slightly varied. An approximately 2”’x 1” groove observed on the

bottom of CXT-[WB] tie (Figure 5.9) on CXT-[WG] it was 1” x 17 except the center region.

Figure 5.9 Bottom of CXT-[WB] tie

The actual reinforcement relationship was unknown for wire in Type-F tie, and the
existing equations were used. The crucial factors were absent for type-C tie, consequently it was
not included in code validation. The experimental result of Young’s modulus of elasticity
presented a significant discrepancy from the equation by ACI (2019). Thus, iterative modeling
was performed to estimate the proper Young’s modulus of elasticity.

The cross-section intended to be used in the analysis program was idealized as a trapezoid,
shown in the Figure 5.10. In Figure 5.10 (a), the chamfer was ignored, and the top width was

taken as the average values between chamfer. If the tie has scallops, the simplified shape was
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based on the top and bottom width as shown in Figure 5.10 (b). The idealized shape reduced

analysis time but it may introduce error.

(a) (b)

Figure 5.10 Simplified cross-section

AREMA center negative moment was determined by using Equation 2.4 and Equation
2.5. The calculation used the recommended axle load (AL) 82 kips, and distribution factor (DF)
of 0.505 used by assuming 24-inch tie spacing. Center reaction factor of 0.84 and 0.74 were used
for CXT and Type-F tie respectively. Speed of 40 mph corresponded to 0.8 speed factor, and
tonnage of 60 million gross tons corresponded to 1.0 tonnage factor. Table 5.5 lists the factored

center negative moments, M.., and the corresponding load at rail-seat, P..

Table 5.5 AREMA design center negative moment

Tie design | Me-, k-in. | Pc., Kips
CXT 193.29 14.32
Type-F 204.34 15.14

The analysis results are presented in terms of load versus deflection, and can be found in
Figure 5.11 to Figure 5.17. The comparison can be examined into two parts (elastic, and plastic
region). The elastic zone is governed by Young’s modulus of elasticity, and it shows good fit to
the experimental results. The Young’s modulus of elasticity is varied from 300 ksi to 1,000 ksi in
CXT-[WB] tie (Table 5.6). Furthermore, the defined E. are also compared by using ACI
equation as shown in Table 5.6 and a maximum 29% of discrepancy detected in CXT tie group.

For concrete strength below 8 ksi, Type-F tie in the testing group, an 8% variance is found.
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Table 5.6 Comparison of Young’s modulus of elasticity and ACI equation

c=10,740 psi WB Trial WB1 WB2 ACI
Ec, ksi 4200 5200 4500 5910
Difference, % 29% 12% 24%
°c =8,270 psi WD ACI
Ec, ksi 4700 5190
Difference, % 9.4%
°c=10,670 psi WGl WG2 ACI
Ec, ksi 4700 4500 5890
Difference, % 20% 24%
c=7,090 psi  Type-F ACI
Ec, ksi 4430 4800
Difference, % 7.7%

At transition region, the good agreement is found in CXT-[WD] and CXT-[WB2], the
difference is nearly 5%. A significant difference is detected in Type-F tie, and it results in
lacking actual wire stress-strain relationship. The wire ultimate strength was around 255 ksi, it
was determined by tensile test a wire extracted from the tie. The nearest model is PCI-250 strand
equation. Subsequently, the analysis results did not have good match with experimental
outcomes. For the CXT tie group, the estimated cracking forces are generally beyond the actual
value, overestimate may be caused by insufficiently defined first cracking force.

As the force increases, the difference becomes increasingly variable. The governing
factors are tendon stress-strain relationship and cross-section. The imprecise cross-section may
consequently result in insufficient determination of concrete compressive force when computing
M-C curve. Overall the analysis results are less conservative once cracking appears. The
AREMA design bending moment occurs near the end of elastic range, excluding Type-F tie. The
tie fails to meet AREMA 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] Load versus Deflection
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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-[WB2] Load versus Deflection

CXT-[WD] Load-Deflection Curve
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Figure 5.14 CXT-[WD] Load versus Deflection
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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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Chapter 6 - Monte-Carlo Simulation

This chapter discusses the Monte-Carlo Simulation that was conducted to quantify
correlation of key design parameters. The prediction results could be used to improve or check
preliminary design decision and optimize design before conducting design approval experimental
test. Furthermore, the probabilistic estimation could be used for risk analysis for existing in track
crosstie performance. The quantities of interest (QOIs) are cracking force at rail-seat and rail-
center. At each location, three QOIs were predicated by a moment-curvature based numerical
program, including

1) initial cracking moment, My,

2) moment at cracking reach to outer layer of reinforcement, Mis,

3) ultimate moment, Mur.

The simulation involves multiple tie geometry, wire positions, wire type and random
variation of key tie deign parameters. Three types of tie were selected, including Type-F, Type-
M and CXT 5058S. These ties have variance in cross-section height at rail-center and rail-seat. All
the cross-sections were modeled as trapezoidal except CXT 505S tie which cross-section
properties were accurately determined by previous research at Kansas State University from
(Bodapati, 2018). The tie section properties were varied in Monte-Carlo simulation consistent
with random sampled wire type and wire location. The prestressing wire locations were varied
up or down 1/8 inches vertically. Horizontal variation was not considered due to no significant
affect in flexural behavior indicated. Table 6.1 lists the tie dimensions in height and width on the
top and bottom surface which were generally not varied in the simulation. Table 6.2 lists nominal
wire positions and amount of wires corresponding to specific tie type. The distance of wires, d,
were measured from bottom surface to center of the wire.

Table 6.1 Tie Geometry

Type of Tie | Length, in ‘ Rail-Seat ' ' Rail—C'enter ‘
h,in  Wge, in Wrep, in | h,in Wgot, in Wrop, in
Type-F 99 7.9 10.1 8.5 5.6 10.1 8.5
Type-M 99 7.8 10.1 8.5 6.3 8.5 10.1
CXT-505S 102 93 11.3 7.0 7.5 8.4 7.0
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Table 6.2 Tie Wire Positions

. Rowl, | di, | Row2, | d2, | Row3, | di3, | Row4, | d4, | 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 1.5 4 2.63 4 3.69 6 4.88 20
CXT 5058 4 2 5 3.25 5 4.5 4 5.75 18

All prestressing wire are 5.32mm diameter, and there were three type of wire chosen
WA, WB and WH with wire indentation smooth and chevrons, respectively. Detailed wire
properties are listed in Table 6.3. In Table 6.3, wire transfer length was computed with 4.5 ksi
concrete release strength and specified ASTM A1096 values. The transfer length was determined

through the transfer length prediction model developed by Bodapati (2018) as

£ ,inch

E tion 6.1

B Jei (41096 Value)
=342 -5 /

The wire pullout force, ASTM A1096 value, was adopted from the research, un-tensioned

pullout tests, results from Arnold (2013).

Table 6.3 Prestressing Wire Properties

Wire Type Ltr,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 concrete properties. The 28 days concrete
compressive, f’c, was assumed from 6,000 psi to 10,000 psi with 5,00 psi increment. The
concrete compressive strength at de-tension, f’ci, and modulus of rupture, f;, were calculated as

(Mindess, Young, & Darwin, 2003),

f4i = (0.7 - 0.8)f, + (100 — 600), ksi Equation 6.2

fr=(6- 9)f’(04 0.55) , psi Equation 6.3
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The prestressing jacking force, fj, is a specific percent of wire ultimate strength which is
defined as 70 percent to 80 percent with 5 percent increment. Consequently, the input parameters
contained six normal distributed variables, three type of wires, vertically shifting in wire
position. The input parameters were random sampled with specific tie type and wire position
through a Python based preprocessing script. Then, individual input files were generated. Each
input file was processed by the aforementioned moment-curvature scripts, and three quantity of
interests were collected and tabulated at each location. The QOIs were acquired from generated
moment verse rotation curve diagrams as shown in Figure 6.1. Figure 6.1 is a typical moment

curvature for center-negative bending situation.

Mt Megative-Moment Curvature
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Figure 6.1 Typical moment-curvature curve

A parameter sweep application was developed to run modified moment-curvature based
computational program. In order to minimize overall processing time, the numerical program
was revised to capture QOIs. A python-based parameter sweep tool was developed by Grant
Willford, a former computer science student at Kansas State University. The tool was developed
to operate the parameter sweep on the supercomputer at Kansas State University, including
function of

1. Generate individual input file

2. Setup virtual Python environment

3. Run and manage parameter sweep
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4. Sorting outputs
The supercomputer Beocat was used to perform all the simulations which is the high-
performance computing cluster at Kansas State University. Beocat is running by the computer
science department at K-State, and it is 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 website. The jobs were scheduled and submitted to slurm by developed
sbatch submit scripts. The sbatch script was the sbatch command to define the resources 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 run a parameter sweep on Beocat, the first step was to upload all Python and sbatch files then
setup virtual Python environment by executing “set up beocat.sh” file. The sbatch file (.sh file)
could be executable by using “chmod” command. The virtual environment setup is required for
the first-time access only. Next, the parameter sweep could be scheduled by either assigning the
number of jobs or by performing the whole sweep. The limited amount of jobs could be
scheduled at one time, the remaining jobs were recorded in “remaining_jobs” file. The next batch
of jobs could be submitted once the current batch completed. Repeating same procedure until no
jobs remained, and the parameter sweeps were accomplished. The result was tabulated in
individual file and it could be organized through “sort output” function. The results could be
filtered by user specified parameter name and value, and multiple sorting criteria could be

applied. The detail parameter sweep operation procedure is shown in Figure 6.2.
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Figure 6.2 Parameter sweep on Beocat implementation flowchart
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Results

Totally 1,928,934 realizations were simulated, and each QOI had 321,489 realizations.
The simulation results were further utilized to create a cumulative distribution function (CDF) of
the standard normal distribution for the QOIs. The CDF distribution is representing a fitted
probability density function (PDF) distribution. The PDF were assumed normally distributed by
fitting the frequency distribution of Monte-Carlo simulation results, and the PDF distribution
could be computed by applying Equation 6.4. In Equation 6.4, parameters were calculated from
particular QOI moment simulated by Monte-Carlo method where parameter p is mean, G is
standard deviation, x is the generated bending moment. Furthermore, the corresponded CDF
could be created after best fitted PDF was defined. The CDF could be calculated by using
Equation 6.5. Figure 6.3 presents a histogram of simulation results, a fitted PDF distribution, and
the corresponding CDF curve. At each location, individual best-fit PDF and the corresponding
CDF is provided in Appendix D. In each figure the vertical axis is the probability density for
PDF and cumulate probability for CDF, also the horizontal axis is the particular QOI of Monte-

Carlo moment.
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Figure 6.3 Typical fitted probability density function distribution (PDF) and cumulative
distribution function (CDF) plot
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PDF = f(x) = ——e (") Equation 6.4
= x) = e o R
oV2m
X
CDF = & (x) = f f)du Equation 6.5

The boundary of numerical value is listed in Table 6.4., including the value of minimum,
maximum, and average from Monte-Carlo simulation results at each location. Three key
scenarios were looked into (tie type, wire type and concrete compressive strength) in order to
identify the correlation between key design parameters and cracking moment at QOls.
Subsequently, the results were further compared with recommended design load, and is
discussed in the following section. Figure 6.4 - Figure 6.6 show the CDF for all QOIs at each
location for all tie type, all wire type and concrete compressive strength, respectively. In each
scenario, individual CDFs were represented in non-solid line and average result was presented in
red solid line. The plotted values represent a cumulated probability estimation corresponding to
predict cracking moment at specific QOI. Additionally, mean and standard deviation for each of
simulated QOIs are presented in Table 6.5 through Table 6.7 for all tie type, all wire type and

concrete compressive strength, respectively.

Table 6.4 Monte-Carlo simulated QOIs

Rail-Seat Rail-Center
Min. Max. | Average | Min. | Max. | Average
M, k-in | 205.89 | 489.91 | 333.70 | 78.33 | 294.57 | 166.44
Mg, k-in | 259.07 | 545.32 | 382.34 | 130.18 | 324.46 | 210.57
Mui, k-in | 447.46 | 774.92 | 611.45 | 198.05 | 480.85 | 338.73
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Figure 6.4 CDF of Monte-Carlo simulated moment at first crack (Mcr), when crack reach
to outer layer of reinforcement (Mist), and at ultimate (Mur) for all tie type.

Table 6.5 Monte Carlo Simulated QOIs presented in Tie type
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Type-F Type-M CXT 505S | Type-F Type-M CXT 505S
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Figure 6.5 CDF of Monte-Carlo simulated moment at first crack (Mcr), when crack reach
to outer layer of reinforcement (Mist), and at ultimate (Mur) for all wire type

Table 6.6 Monte Carlo Simulated QOIs presented in wire type
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i (k-in) o (k-in)
WA WB WH WA WB WH

= First Crack, Mo | 341.60  336.14  323.08 | 49.07  48.16 47.1
@ CrackatOuterlaver | 0550 38868 3627 | 4566 4454 4215
= of Reinforcement, Mast

o Ultimate, Mux | 623.4 6156 59585 | 67.17 6558  62.68
5 First Crack, M | 170.18  167.91  161.6 | 39.77  39.19  37.86
[

3 g Ririi‘;z:eg::ftr’ ':,‘:le: 21752 2144 19991 | 3316 3263 3078
& Ultimate, Mur | 343.92 34032  331.86 | 67.62  66.84  63.48
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Figure 6.6 CDF of Monte-Carlo simulated moment at first crack (Mcr), when crack reach
to outer layer of reinforcement (Mist), and at ultimate (Mui) for concrete
compressive strength (f¢)

Table 6.7 Monte Carlo Simulated QOIs presented in concrete compressive strength (f°¢)

Rail-Seat Rail-Center
Crack at Outer layer First Crack at Outer layer
First Crack, of Reinforcement, Ultimate, Crack, of Reinforcement, Ultimate,
f'c M., Mgt My M., Mgt Myt

6 ksi 313.03 360.72 526.45 157.11 199.10 287.67

7 ksi 324.58 373.19 575.06 163.66 207.23 318.91

u (k-in) | 8ksi 335.04 383.2 616.01 168.94 213.15 34491
9 ksi 344.36 393.02 649.69 173.31 218.08 366.62

10 ksi 352.22 400.18 677.02 177.33 221.91 383.95

6 ksi 43.63 42.1 39.12 34.05 28.78 50.71

7 ksi 45.7 4391 42.17 35.31 29.71 54.28

o (k-in) | 8ksi 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

10 ksi 50.76 47.63 49 81 40.45 33.81 62.63
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Discussions

Overall good fitting was observed with 1,928,934 individual realizations. The Monte-
Carlo realization results imply the sensitivity of moment at each QOI as changing in design
parameters. The sensitivity of key design factors could be observed through the dispersion of
central tendency. In the preliminary comparisons, three major scenarios were investigated. The
CDFs of wire type (Figure 6.5) shows similar shape of S-curves with minor variance at 50th
percentile in all QOIs. The insignificant variance of mean between wire types suggest it is
inconsequential in optimizing tie design.

On the other hand, for CDFs of concrete compressive strength (Figure 6.6), overall CDF
curves have similar length and shape which infer similar level of risk. The Moment at first crack
and reach to 1*' layer of reinforcement has up to 4% of central tendency apart. However, there
are more clear discrepancy in central tendencies at ultimate moment stage in both locations
where the mean of S-curves has maximum 11% divergency. Thus, this observation infers
increasing design concrete compressive strength benefits in developing ultimate capacity.
Moreover, CDFs of tie type (Figure 6.4) shows the CXT 50508 tie has lower cracking resistance
than Type F tie at rail-seat even though it has a larger cross section. The opposite scenario was
observed at rail-center, the CDF of CXT 5050S tie has higher cracking moment at each QOlIs.
Changes in wire eccentricity may explain this. The wire eccentricity is respected to the tie neutral
axis, and the cross section tends to reduce in height from seat to center location. Three types of

ties were selected in this practice had varied in height as shown in Figure 6.7.

Rail-Seat
-Rail-Center

TT ________________

7.54" 7.82"

1L

CXT 5058 Type M TypeF

Figure 6.7 Graphical comparison of three tie geometry at rail-seat and rail-center

Consequently, the centroid is increased following with reducing in cross session height as
shown in Figure 6.8. At rail-seat, Type F tie has larger eccentricity than CXT 505S tie, in
contrast, the CXT 5058 is the governing case at rail-center location. The CDF curves tend to

deviate more at ultimate moment stage at both locations. At other stages, the central tendency
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has clearly differed in center region of the tie. CDF of tie geometry demonstrates more sensitive
in all QOI moment at rail-center than rail-seat. Consequently, the CDFs of the tie type and
concrete compressive strength shows more directly the influence of structural crack resistance at
each QOlIs.

e 6.2[8" S .f
J l

CXT 5058 Type M TypeF

Cross-Section at Rail-Center

‘[ .

gli TR | 7.82" |
CXT 5058 TypeM Type®
Cross-Section at Rail-Seat > Wire Centroid
_______ Tie Center

Figure 6.8 Wire eccentricity at rail-seat and rail-center

Wire location is commonly shifted while casting the tie, and 1/8 inches varied vertically
was considered. Also, the structural capacity shows sensitive to concrete compressive strength
based on the simulation results. Thus, the correlation of moment capacity with varying
eccentricity was conducted at both locations, the quantity of interest in this comparison was
moment at crack reaches to outer layer of reinforcement and ultimate moment. The comparisons
are presented in Figure 6.9 - Figure 6.10 and Figure 6.11 - Figure 6.12 for rail-center and rail-
seat, respectively. Table D. 1 lists the average estimated tie moment capacity with eccentricity
variance where “e” is original eccentricity of wire, “e+” is eccentricity increased 1/8”, and “e-* is
1/8” lower. Overall all, at rail-center, the flexural resistance is deviated from 4% to 6.6%, and the
difference is compared moment force with wire eccentricity without vertical shifting. Center
negative bending moment has up to 4.6%, 6.5%, and 5% drop when wire eccentricity reduced,

corresponding to CXT 505S, Type-F, and Type-M. Contradictory, a growth in moment force was
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detected in increasing wire eccentricity, the difference is within 5.4%, 6.6%, and 5.1% for CXT
5058, Type-F and Type-M tie. Increment in design concrete strength with varying wire
eccentricity has more benefit in determining ultimate bending capacity compared to moment at
crack reaches to outermost reinforcement.
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Figure 6.9 Graphical comparison of eccentricity variance in Monte-Carlo simulated
moment at crack reaches to first level of reinforcement at rail-center
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Figure 6.10 Graphical comparison of eccentricity variance in Monte-Carlo simulated
ultimate moment at rail-center
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At rail-seat, average difference of moment at M (moment at which the crack reach to first level
reinforcement) and My (ultimate moment) is within 4% except M5 for CXT 5058 tie. Overall a
3% improvement of M is observed for wire location shift below, however less than 1%

reduction in flexural capacity while wire location move upward.
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Figure 6.11 Graphical comparison of eccentricity variance in Monte-Carlo simulated
moment at crack reaches to first level of reinforcement at rail-seat

Mult - Rail-Seat

800

750 4

700 4

[=)]

wu

o
n

550

Moment, kip-inches
[=)]
(=]
=)

2007 Fe+

—— M_e-
—e- M_e
—e- M_e+

450

400 T T T T T
5 6 7 8 9 10 11

Concrete Compressive Strength, ksi

Figure 6.12 Graphical comparison of eccentricity variance in Monte-Carlo simulated
ultimate moment at rail-seat

77



AREAM Specification Comparison

As mentioned in previous chapter, the current tie design specification recommends that
ties show resistance to the design load without crack after minimum 3 minutes hold (AREMA,
2020). Besides, the tie flexural capacity is defined as the tensile crack reaching first level of
reinforcement. The concrete monoblock tie design strength requirement was calculated based on
the assumed and recommended values. The rail-seat positive and rail-center negative unfactored
moment were computed by using Equation 2.2 and Equation 2.3 with the recommended axle
load 82 kips, and 24 inches tie center-to-center spacing. The center reaction factor (o)) was
recommended zero at rail-seat, the value of 0.8 and 0.74 were used at rail-center for tie length
102 inches and 99 inches, respectively. The factored center negative moment was 193.29 kips-in.
and 204.32 kips-in. for CXT 505S and Type F/M tie, correspondingly. The factored rail seat
positive moment was 213.43 kips-in., 193.05 kips-in., and 191.00 kips-in. for CXT 505S, Type
M, and Type F tie, respectively.

The CDFs of the tie type and concrete compressive strength were further compared with
AREMA design strength independently, and for CXT 505S and Type F tie, the comparison was
also made with visually observed first cracking force experimentally.

At rail-seat, the design positive strength recommendation was satisfied for all tie types as
shown in Figure 6.16. In Figure 6.16, the design force falls before and at end of left tail which
imply the section remains uncracked. The tie at rail-seat tends to have a lager cross-section, and
it gives more material and increase in centroid which improves the positive moment resistance.
Thus, the design recommended force is most likely to be fulfilled, and at rail-seat, the
comparison of design strength and CDFs of concrete compressive strength with individual tie
can be found in Figure 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 through Figure 6.17 to Figure 6.20. Based on the Figure 6.17, the
probability of design load occurs when crack reach to first layer of reinforcement is
approximately 92%, 38%, and 2% corresponding to Type-F, Type-M, and CXT 505S tie. The
result indicates, for tie length of 99 inches, the 13% of increase in cross-section height could
increase roughly 50% of change passing the design load at crack reach to outer layer of

reinforcement stage. Of note the Type-F tie has nearly 5% of probability that the design load
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reaches the structural ultimate capacity. Furthermore, the CDF of CXT 5058 tie imply
approximately 64% of probability the section remains uncracked.

The Figure 6.18 to Figure 6.20 presents CDF of increment concrete compressive strength
at rail-center for Type-F, Type-M, and CXT 5058 tie respectively. For Type-F tie, majority of
design load fall into the distribution corresponding to structural cracking reaching the outer layer
of reinforcement (Figure 6.18), and small amount fall into ultimate moment distribution while 6
ksi concrete compressive strength chosen. The distribution results indicate the probability of
crack remaining at 1% layer of reinforcement is approximately 3% and 20% corresponding to
7ksi and 10 ksi concrete compressive strength. There are 15% of probability the tie may not able
to resist design load while 6ksi concrete compressive strength selected.

For Type-M tie, the result indicates the design load falls within left tail of first moment
distribution and positive side of reaching to 1% layer of reinforcement moment distribution
(Figure 6.19). An approximately 20% of probability the type-M tie remaining uncracked while
10 ksi concrete designed. Probability of remaining uncracked is decreasing while the concrete
strength reducing. The probability of crack reaching to outermost layer of reinforcement is
around 35% to 80% corresponding to 6ksi and 10 ksi concrete compressive strength. A roughly
10% decreasing in probability of meeting design criteria was observed following with 1 ksi
increment in concrete compressive strength.

For CXT 5058 tie, the results imply approximately 44 % of ties remain uncracked for
f’c=6ksi and 21% of 10 ksi concrete compressive strength could increase approximately 35% of
probability (Figure 6.20). There are 5% of probability that the crack reach to first layer of
reinforcement when 6 ksi concrete compressive strength was selected.

Crack Detection

A 5-power magnifying is recommended to locate crack during the experiment testing
(AREMA, 2020). The load of first crack occurred was identified for CXT 505S and Type-F tie,
and the average cracking force was 285 k-in and 145 k-in respectively. The initial crack load was
262 k-in observed from flexural test with DIC system, the specimen had same tie type but
different wire type. The DIC observed region did not include chamfer which the first crack load
should be less than determined crack load. Thus, the purpose of comparison is to point out the
timing of determining initial crack occurred. The CDFs of first crack moment was compared

with experimental force shown in Figure 6.18 and Figure 6.20 corresponding to Type-F and CXT
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5058 tie. For Type-F tie, the experimental cracking loads fall in between negative of first crack
moment distribution and left tail of distribution corresponding to cracking penetrating to outer
layer of reinforcement. The probability of structural cracking is approximately 95%.
Contrastively, the cracking load fall in right tail of moment while crack at first level of
reinforcement distribution for CXT 505S which infer approximately 90% of probability
structural cracked beyond first level of reinforcement. Based on observation, it implies the first
crack occurred earlier than the determined cracking load which following the current design
specification.
Ultimate Moment, M,

The concrete compressive strength was increased from 6 ksi to 10 ksi, and the difference
between each 1 ksi increment was from 11% to 4% in ultimate moment as shown in  Figure

6.13.
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Figure 6.13 Average ultimate moment strength with concrete compressive strength

On the other hand, the averaged 30% of increment in the ultimate moment strength was
observed, when concrete compressive strength increased from 6 ksi to 10 ksi. In prestressed
concrete design, approximately 6% of raise in ultimate moment is expected which is relatively
small comparing to the finding. This phenomenon may be explained by the following:

1. Compact shallow cross-section

2. Prestressing reinforcement location

3. Compressive response of prestressing
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4. Compression failure
The tie is designed to resist positive and negative bending at rail-seat and rail-center. The typical
tie design has non-uniform compacted cross-section and straight prestressing reinforcement. To
meet flexure strength requirement at both locations simultaneously, the amount of wire and wire
location are the one of the parameters to adjust in order to reach design load requirement. The
combination of prestressing and compact cross-section, resulting in the tie failing in
compression. The flexure compression is failed in crushing concrete at compression surface and
tendons are yielded. The prestressing is commonly located at the bottom section of the beam
known as tension zone, however 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. The prestressing in compression can lead to reduced capacity and increased deformation.
The strain in concrete compression reduces total strain in the prestressing, resulting in the
prestressing reinforcement response in the elastic region.

To visualize the noticeable increment of stress in prestressing, f,s, a comparison was
made. A tie cross-section 77’ x 7.54” and hypothetical cross-section 7" x 24” with four layers and
single layer of prestressing reinforcement respectively. The total area of prestressing
reinforcement 0.62 in? was assumed in both hypothetical and tie cross-section. The stress-strain
relationship for a grade 280 ksi prestressing wire with yield stress 255.56 ksi was assumed which
can be computed by using Equation 4.7. The concrete compressive strength was 6 ksi and 10 ks,
and other design parameters were identical. The computed f,s for each example was presented in
Figure 6.14 and Figure 6.15.

In Figure 6.14, a section deep 24 inches, the total stain in prestressing steel is correspond
to stress 270 ksi for f°c = 6 ksi and 271 ksi for °c=10 ksi where the steels were yielded. An
approximately 6% difference in ultimate moment was observed. While the cross-section depth
reduced for 24” to 7.53”, and the reinforcements were distributed into four layers. When the
concrete compressive strength was going from 6 ksi to 10 ksi, the ultimate moment was
increased from 271 k-in to 369 k-in which was a roughly 37% difference. For lower design
concrete strength, upper two layers of prestressing wires are in the compression zone, and the
stress in prestressing is 142 ksi and 170 ksi with correspond strain 0.0051 and 0.0061 as shown
in Figure 6.15(a). For 10 ksi concrete compressive strength, the top layer of reinforcement is still

in compression zone as shown in Figure 4.15(b). Additionally, an approximately 10% increasing
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was observed in fps, and the difference in strain is 0.0005. The prestressing in tension zone, the
overall increasing in fps is between 13% to 15% approximately. Overall 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 strength increased, the
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 on stress-stain curve with a
specific design concrete compressive strength and one-layer reinforcement in a 24” deep

cross-section
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Figure 6.15 Stress in prestressing reinforcement presented on stress-stain curve with a
specific design concrete compressive strength and four-layers reinforcement in a 7.54”

deep tie cross-section
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Chapter 7 - Conclusion

A Python based computational tool was developed to estimate the flexural behavior of
prestressed concrete monoblock ties. A risk analysis was conducted through Monte-Carlo
Simulation and key design parameters were identified. The following insights were gained in this
research.

Code Development and Experimental Testing

1. The flexural test was conducted on existing (Type-F and Type-C) in addition new design
tie (CXT). The new tie was designed with a larger cross-section, high strength concrete
and low eccentricity. As a result, the newly designed tie has approximately 40% more in
flexure load capacity than the existing ties.

2. At code verification, the program performed as expected and the outputs fit with the
benchmarks. The first two cases had good agreement but a small discrepancy was found
in case 3. When verified case 3, a 1 % discrepancy in the nominal capacity was noted
between rail-seat and rail-center location. These discrepancies were attributed by
computing area and wire eccentricity.

3. The code was validated experimentally, and overall good agreement was observed. The
flexural performance of prestressed concrete monoblock ties can be accurately predicted
while the design parameters were well defined. A precise estimation could be achieved
while the modeling parameters and material constitutive relationship were matched with
the testing specimen. Unmatched material properties and idealized cross-section
geometry induced errors that negatively affected end results which was indicated in non-
linear region.

Monte- Carlo Simulation Compared to AREMA Recommendation

Monte-Carlo simulation was used to forecast flexural behavior of prestressed concrete
monoblock ties, and the results were further analyzed to correlate key design parameters.

1. At Rail-Seat

The results indicated the ties had sufficient capacity to meet design positive bending
moment. Based on the CDF curves, the ultimate bending resistance was more controlled
by concrete compressive strength than tie geometry which the opposite situation was

observed at other two QOIs. Overall the wire type had less affect in increasing tie

90



bending capacity. Since the tie design, at rail-seat location, is conservative for flexural
demand, the result may not be very beneficial for design optimization.
2. At Rail-Center
More difference was observed in CDFs of tie geometry at first crack moment and

crack reaching to first level of reinforcement moment. The size of cross-section governs

the amount of concrete area and eccentricity of prestressing reinforcement which the

negative bending capacity is sensitive to. Also, the larger cross-section (CXT 505S tie)

has more benefit in designing with higher concrete compressive strength which could

increase approximately 37% the probability of ties remaining uncracked.
Method of Crack Detection

The method of crack detection was followed the current design standard in AREMA
Chapter 40. The initial crack load determined experimentally was further compared with Monte-
Carlo simulation results for CXT 505S and Type-F tie. Additionally, CXT 505S simulation
results were also compared with DIC analysis result. The comparison results indicated the
cracking occurred before any visual indication. Overall, the inaccuracy in locating the first crack
was recognized. Other method of crack detection should be looked into to improve the accuracy
of cracking load determination.
Current Tie Design Requirement

This research involved virgin tie (CXT 505S) and existing tie (Type-F). Based on the
experimental and modeling results, the existing tie did not satisfy current design requirement but
performed well in track for over 25 years. The virgin tie has higher flexural capacity also met the
design needed but never served in track. Based on experimental result, CXT 5058 tie was
capable to withstand average 38 kips load but the design load only used 37% of its capacity.
However, type-F tie could resist average 20 kips applied load but the design load use 78% of its
capacity. The conservative designed was observed on the newly designed tie which tie capacity
hasn’t been effectively used. The allowable design stress principle may be over conservatively
for designing railroad tie. The different procedure of determining design load should be
considered as the tie is one of the components in the track system. The role of the tie should be

should be transmitting the force to subgrade system instead of to resist it.
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Ultimate Moment

The simulation results indicated the noticeable growth in ultimate moment following with
increasing in concrete compressive strength. The ratio of cross-section height and compression
zone is relatively large comparing to typical prestressed concrete beam. Larger compressive
depth is bringing up the possibility that prestressing is located in compression zone. In
compression zone, the concrete strain is increased resulting in reducing total strain in
prestressing reinforcement. Then, the stress in prestressing has noticeable change because the
prestressing is staying in elastic region. Consequently, the ultimate capacity of tie has significant
increment while the concrete compressive strength increased from 6 ksi to 10 ksi. Thus, the wire
location and cross-section size show direct impact in determining ultimate moment of tie. The
capability of prestressing reinforcement is limited by compressive response.

Consequently, the prestressed concrete monoblock ties could be modeled accurately by
the developed computational tool. The existing and new tie could be designed and analyzed
effectively, and the targeted design load could be achieved at stage of approval tie design testing.
This insight will help industry in designing an economical tie meanwhile all design requirements
will be satisfied. Additionally, this tool also shows potential for supporting risk-based analysis of

the tie flexural performance.
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Appendix A - Flexural Test Results

Figure title shows type of tie design and the distance measured from center of tie. For CXT tie,

the wire type is included.
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Figure A. 22 CXT-[WG1] Load versus LVDT #2 and #9 reading
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Figure A. 23 CXT-[WG1] Load versus LVDT #3 and #8 reading
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Figure A. 24 CXT-[WG1] Load versus LVDT #4 and #7 reading
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Figure A. 25 CXT-[WG1] Load versus LVDT #5 and #6 reading
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Figure A. 26 CXT-[WGZ2] Load versus LVDT #1 and #10 reading
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Figure A. 27 CXT-[WG2] Load versus LVDT #2 and #9 reading
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Figure A. 28 CXT-[WGZ2] Load versus LVDT #3 and #8 reading
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Figure A. 29 CXT-[WG2] Load versus LVDT #4 and #7 reading
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Figure A. 30 CXT-[WGZ2] Load versus LVDT #5 and #6 reading
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Figure A. 31 Type-F1 Load versus LVDT #1 and #10 reading

Ib

Farce

45000

Type-F1 LVDT-21 in.

40000 +
35000 1
30000 1
25000 1
20000 1
15000 1

10000 1

5000 4 7

--- VDT 9
LVDT_2

02 0.3
Deflection, in

05

Figure A. 32 Type-F1 Load versus LVDT #2 and #9 reading
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Figure A. 33 Type-F1 Load versus LVDT #3 and #8 reading
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Figure A. 34 Type-F1 Load versus LVDT #4 and #7 reading
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Figure A. 36 Type-F2 Load versus LVDT #1 and #10 reading
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Figure A. 37 Type-F2 Load versus LVDT #2 and #9 reading
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Figure A. 38 Type-F2 Load versus LVDT #3 and #8 reading
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Figure A. 39 Type-F2 Load versus LVDT #4 and #7 reading
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Figure A. 40 Type-F2 Load versus LVDT #5 and #6 reading
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Figure A. 41 Type-C Load versus LVDT #1 and #10 reading
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Figure A. 42 Type-C Load versus LVDT #2 and #9 reading
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Figure A. 43 Type-C Load versus LVDT #3 and #8 reading
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Figure A. 44 Type-C Load versus LVDT #4 and #7 reading
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Figure A. 45 Type-C Load versus LVDT #5 and #6 reading
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Appendix B - Moment-Curvature Analysis Example

This section presents a set of calculations using in the analysis program, and an Excel program
built to compute repeating process for constructing complete moment-curvature curve. The M-C
response was determined up to concrete compressive strain at 0.003. The example was a

rectangular cross-section shown below:

T T

8" 7"

R

+ 4" £

Cross-section Properties:
Ac=32 in?
1=2%~170.67 in*
y=yt=yp=41n

S =S¢= Sy =42.67 in’
e=3in

Concrete Properties:

£ =7000 psi

Ec = 57./f! = 4768.96 ksi
Steel Properties.

Number of wires, n = 6
Eps =28414.51 ksi

fpy = 255.55 ksi

fse = 173.803 ksi (After all losses)
ds=0.209 in

Aps = 0.2058 in”
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1.

Determine Peak Strain, €

Substituting values into Equation 4.4.

__05f/  05x7

&, = = 734 x 107*
E. 4768.96

26, (602 2 x 7.34 x 10~
0.5f, = f! (—) 535=7

& \g £
Solving the equation

£, = 0.002056

Initial Stage, M =0
Effective stress, Pe = Apsfse = 35.78 kips

Calculating Stress and strain at top and bottom:
P, N P,e 3578 3578X%3

Jiop = =53+ 75 32 T 4267
P, Pe 3578 3578x3
fror= a2
A, s 32 4267

AREMA Sec. 4.4.2 minimum pre-compressive stress is 0.5 ksi after all losses

without external load applied.

_fe

=L =293 x10"*
Et EC
£y = b _762x107
E.

Calculating initial curvature, ¢
fp—¢t

= —-1.32x107* CW

q):

Initial Stress and strain distribution:

c

N Sop
_|_
hy
A
AL
- &
Chot
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<7.34 x 107*

&o

=+1.4 ksi > 0.5 ksi

= —3.6 ksi > 0.5 ksi
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3. Pre-compression of Concrete
Calculating h¢ and h¢

€o

he=2=577in

h, =2.23in
Determining initial concrete strain (&) at level of prestressing wire

g = ;—i(dp — h) = 6.24 x 10™* in compression

fei = €ciE. = 2.98 ksi

Checking AREMA maximum pre-compression limit

fei = 2.98 ksi > AREMA Limit = 2.5 ksi
The pre-compression limit surpassed AREMA section 4.4.2 recommendation, the design
assumptions need to be adjusted. This is ignored in this example, and the moment-
curvature determination is continued.

Determine strain in prestressing steel due to effective prestress after losses, Epse
_ Jse _ -3
Epse = E =6.12x%x10
Then total strain in prestressing wire, &y

Eps = Eci + Epse + 9(dy — )

4. Calculate M — ¢ for & = 0.001
Assumed compressive depth, Y =4 in.
Calculating concrete compression force, Cc by using Equation 4.13

Pooor = =2.5x107*

C.=4x7

2.5x 1074 0.001 ]
2 [ = 45.64 kips

X —_— — ——————————————————
0.002056 3 x 0.002056

Calculating tensile force, T
Eps = 6.744 X 1073 + 2.5 x 107*(7 — 4) = 7.494 x 1073

Determine stress in prestressing wire (f,s) by using Equation 4.7
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[

| 1-10.018 ]|
0.018 + |

fps = 28414.51 X 7.494 X 1073

1
| 4 (7494 X 1073 x 28414.51)7*% /74386
1.0355 x 255.55

|
fps=207.91 ksi
T = Apstps =42.79 kips
Calculating concrete tension force, Ct

Determine the distance from neutral axis to crack
h-Y )
doyr = €qp X — = 0.53in
b

fet = Ect X € = 0.281 ksi
Ce = for X A¢ = 0.59 kips
Trotal = 43.38 kips
Checking C¢ = Trotal
Ce # Trotal
Compression force is larger than tension force, reducing Y.
Reducing compressive depth, and repeating same procedures until tension and compression
force converged. Excel program was used to compute repeating process.
Then found T = C when Y =4.41 inch
C. =42.68kips
T =42.02 kips
Ci=0.65 kips
& =8.15%x107*

5. Determine My = M, -M¢t

Calculating the distance from center of compression to bottom level of prestressing wire, d.
de=x+ (d, —Y)
Computing x by using Equation 4.14
8 x 0.002056 — 3 x 0.001

¥ =44l [12 % 0.002056 — 4 x 0.001] ~ 287 ™

Then
d.=2.87+(7—-4.41) =546in
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M= Cc x de =2233.03 k-in.

Calculating the distance from center of tension to bottom level of prestressing wire, de

dee = h — (¥ +%2) = 2.205 in
Then

M. = Cy X d =1.44 k-in
Computing M,

M =231.59 k-in

. Determine M¢; and @,

Equation 4.11 used, and solving M,
75V7 3576 35.76x3 L Mo
1,000 32 42.67 42.67
M= 181.74 k-in.

Equation 4.12 used to determine @,

6. — 181.74 — 35.76 X 3

T 4768.96 x 170.67

. Moment Capacity based on ACI stress limit (Table 4.1)
frension = 7.5f; = 0.627 ksi

fCompression = 0-6fc, = 4.2 ksi
P, Pe M, 3576 3576x3 M,

=9.15%x107°

Jeon A, S S, 32 42,67  42.67
P, Pe M, 35.76 35.76 X 3 M,
O e e +
A. Sy, Sp 32 42.67 42.67
Positive Moment, k-in Negative Moment, k-in
Rail-Seat Rail-Center Rail-Seat Rail-Center
Top Bottom Top Bottom Top Bottom Top Bottom
238.81 181.72 | 238.81 181.72 -32.84 -24.25 -32.84 -24.25

Positive Moment Capacity:
Mg, = 181.72 k-in
Negative Moment Capacity:
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Mg_ = -24.25 k-in

The moment capacity can be compared with AREMA experimental flexural limit once

the rail-seat load was defined. The minimum value should be taken as capacity limit.

Repeating step 5 and 6 with increased strain at compression surface until it reached 0.003. Excel

program used to perform this process as shown below:

Concrete Properties

Inputs
h
b
fc
Ec
A
I
yb
yt
€o
Initial Stage, M=0
layer 1
n 6
dp, in 7
Aps, in2 0.206
P, k 35.78
e, in 3
f top, ksi 1.40
f bot, ksi -3.63
Assumption
ec_limit
ect
Y
eb
phi

8.00 in
4.00 in
7000.00 ksi
4768.96 ksi
32.00 in2
170.67 in2
4.00 in
4.00 in
2.51E-03
layer 2 layer 3
0 0
0 0
0 0
0 0
-4 -4
0 0
0 0
7.34E-04
-0.0010000
4.41 in
8.15E-04 in/in
2.27E-04 rad/in
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Steel Properties

Eps 28414.51 ksi
Aps 0.034 in2
fpy 255.55 ksi
fse 173.80 ksi
Q 0.018
K 1.0355
R 7.4386

Summary at M=0

layer 4 ft 1.40
0 fb -3.63
0 et 2.93E-04
0 eb  -7.62E-04
0 phi  -1.32E-04
-4 Y 2222
0
0

ksi
ksi

rad/in
in



Concrete in Compression Force

x1

bl

fc

Ccl
x_barl

dc
Mc

(1) Linear Eq.
3.83

4

5.20

39.80

2.55

5.72

227.84

Concrete in Tension

Ect_limit
ect limit
der

dt

fct

Ct

dct

Tensile Force

layer 1
layer 2
layer 3
layer 4

€
6.30E-04
-2.93E-04
-2.93E-04
-2.93E-04

T
Cc
Ct

C=T

Moment Force

Mc
Mct
Mt
Mn

0.000524

2132.7
0.000328
0.58006
4.80
1.32E-04
0.281
0.65111

Cpse

6.12E-03
6.12E-03
6.12E-03
6.12E-03

Force Equilibrium

42.02
-42.68
0.65

kips
kips
kips
kips

233.34
-1.44
0.00
231.91

(2) Rectangular Eq.  (3) layer analysis
3.8
4
43.68 42.68
2.49
5.66
247.28 233.34
ksi
in
in
ksi
kips
in
€ Cps fos, ksi
5.88E-04 7.34E-03 204.16
-1.00E-03 5.12E-03 145.17
-1.00E-03 5.12E-03 145.17
-1.00E-03 5.12E-03 145.17
Cracking
fo=fr 0.627
fc t -2.863
ect -6.00E-04
ecb 1.32E-04
Mcr 181.802
phi 9.15E-05
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P, kips
42.02

ksi
ksi

k-in

rad/in

0.00
0.00
0.00
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The computing results and M-® curve are shown below:

€ct €b Y, in @, rad/in
Initial Stage, M=0 -1.32E-04
Crack 9.15E-05
-0.0008 6.49E-04 4.417 1.54E-04
-0.001 1.09E-03 3.827 2.27E-04
-0.0015 2.35E-03 3.115 4.32E-04
-0.002 3.70E-03 2.806 6.55E-04
-0.0025 5.03E-03 2.656 8.89E-04
-0.003 6.18E-03 2.613 1.12E-03
M-C Curve
3':”:'_ .-“'_.__..rl"'-l"--—..
-
-
-
250 1 -
L
Ve
4
5 2007 7
= /
E 150 !
S !
100 - -f
!
/
50 - /
/
04 f - Excel
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

Curvature, rad/in

130

M, k-in
0.0

181.8
214.7

231.9
267.2
2934
310.2
318.5



This example also analysis by using developed program, and the results and plot are presented

below:
ect eb Y ® , rad/in M
Initial Stage, M=0 -1.32E-04 0.0
Crack 9.15E-05 181.8
-0.0008  4.42E-04 5.15 1.55E-04 213.7
-0.001 8.29E-04 4.37 2.29E-04 230.6
-0.0012  1.27E-03 3.89 3.09E-04 245.5
-0.0014  1.74E-03 3.56 3.93E-04 258.8
-0.0016  2.25E-03 3.33 4.81E-04 270.8
-0.0018  2.77E-03 3.15 5.71E-04 281.3
-0.002 3.31E-03 3.01 6.64E-04 290.3
-0.0022  3.86E-03 2.90 7.58E-04 297.9
-0.0024  4.43E-03 2.81 8.53E-04 304.1
-0.0026  4.99E-03 2.74 9.49E-04 309.1
-0.0028  5.55E-03 2.68 1.04E-03 312.8
-0.003 6.09E-03 2.64 1.14E-03 315.5
Positive-Moment
300

Moment, k-in
[
LA
[

100

0.0e+002 52-045 02-047 52-041 0e-031 3e-031 5e-031 Be-03 2. 0e-03
phi, radfin
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Appendix C - Code to Michigan Tech Example

The detail inputs and calculation results were presented in this section.

Table C. 1 Coordinate cross-section inputs in the Python program

X1 0 0.39 1.1 8.79 9.5 9.88
X2 0 0.39 1.1 8.79 9.5 9.88
X3 0 0.39 1.1 8.79 9.5 9.88
X4 0.75 1.06 1.69 8.19 8.82 9.13
X5 0.75 1.06 1.69 8.19 8.82 9.13
Z1 0 8.59 9.3 9.3 8.59 0
72 0 8.59 9.3 9.3 8.59 0
73 0 8.59 9.3 9.3 8.59 0
74 0 6.88 7.51 7.51 6.88 0
75 0 6.88 7.51 7.51 6.88 0
Cross-Section at 21.0 in Cross-Section at 51.0 in
6 57
0 o
(a) Rail-seat (b) Rail-center
Cross Sesction

7

. H

. :

4 | S TN S |

2 :

1 :

o T

] 2 x_al;\l“sJ . & ]

(c) Rail-center with reinforcements
Figure C. 1 Coded cross-section plots and reinforcement pattern
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Table C. 2 Cross-section properties

%
2.7%
0.5%
0.5%
1.8%

-12.2%

Difference,
%
1.4%
1.0%
2.7%

Rail-Seat Rail-Center
Michigan Program Difference, Michigan Tech  Program Difference,
Tech %
Ac,in* 8735 87.53 0.2% 57.95 59.50
yt,1n 4.74 4.76 0.4% 3.78 3.80
Yb, i 4.55 4.55 0.0% 3.72 3.70
Iy, in* 621.76 634.72 2.1% 273.55 278.44
e, in 0.6375 0.638 0.1% -0.1925 -0.216
Table C. 3 Concrete properties
Michigan Tech Program
f’c, psi 7000 7000
Ec, ksi 4768.96 (ACI) 4768.96 (ACI)
f’ci, psi 4500 4500
Eci, ksi 3823.67 (ACI) 3823.67 (ACI)
Table C. 4 Prestressing wire properties
Michigan Tech Program Difference, %
Aps, in? 0.689 0.686 0.4%
foy, ksi 229.898 240.47 4.6%
fpu, ksi 255.443 267.47 4.7%
Eps, psi 28500 28889.56 1.4%
fiacking, ksi 203.19 0.75fpu=200.6 1.3%
Table C. 5 Loss at 40 days
Michigan Program
Tech (AASHTO Refine Method)
Rail Set fsi, ksi 188.42 191.09
at se fse, ksi 173.07 171.32
. fsi, ksi 182.96 187.87
Rail Center o ksi 163.71 164.04
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Appendix D - PDFs and CDFs of Monte-Carlo Simulation Moment

Mecr - (Rail-Seat)
pdf of Tie Type
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—— All Tie Types
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200 300 400 500 600
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cdf of Tie Type

100%

80% |

60% 1

40% 1

20% 1

0%

—— All Tie Types
- — Type-F

......... Type_M

- CXT505

100

Figure D. 1 CDF and PDF plots of tie type - rail-seat positive at first crack moment (Mcr).

200 300 400 500 600
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M1st - (Rail-Seat)

1.5% pdf of Tie Type
. [s]
— All Tie Types
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— All Tie Types
20% / - — Type-F
/ / ......... Type-M
0% e —---- CXT505
200 300 400 500 600
M, k-in

Figure D. 2 CDF and PDF plots of tie type - rail-seat positive at crack reached to outer
layer of reinforcement moment (Mist).
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Mult - (Rail-Seat)
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Figure D. 3 CDF and PDF plots of tie type - rail-seat positive at ultimate crack moment
(Mult).
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Mecr - (Rail-Center)
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Figure D. 4 CDF and PDF plots of tie type - rail-center negative at first crack moment
(Mer).
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Figure D. 6 CDF and PDF plots of tie type rail - center negative at ultimate crack
moment (Murt).
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Figure D. 7 CDF and PDF plots of wire type for Type F tie rail-seat positive at first crack
moment (Mocr).

140



Type F (Rail-Seat)

1.59% pdf of M1st
— All-Type F
- — WA
‘,-"\_‘ I WB
TS U WH
1.0% fOAAN
2 / il \
© i 751! 1 ‘-"._\
3 1. ".,\"-.\
= il (ERW
0.5% b/ Y
. A R
0.0%50 300 350 400 450 500 550 600
M, k-in.
cdf of M1st
100%-
80% -
60%-
40%-
20%-
0%- :
250 300 350 400 450 500 550 600

M, k-in.

Figure D. 8 CDF and PDF plots of wire type for Type F tie rail-seat positive at crack
reached to outer layer of reinforcement moment (Mist).
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Figure D. 9 CDF and PDF plots of wire type for Type F tie rail-seat positive at ultimate
crack moment (Murt).
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Figure D. 10 CDF and PDF plots of wire type for Type F tie rail-center negative at first
crack moment (Mcr).
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Figure D. 11 CDF and PDF plots of wire type for Type F tie - rail-center negative at
crack reached to outer layer of reinforcement moment (Mist).
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Figure D. 12 CDF and PDF plots of wire type for Type F tie rail-center negative at
ultimate crack moment (Murt).
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Figure D. 13 CDF and PDF plots of wire type for Type M tie rail-seat positive at first
crack moment (Mcr).
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Figure D. 14 CDF and PDF plots of wire type for Type M tie rail-seat positive at crack
reached to outer layer of reinforcement moment (Mist).
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Figure D. 15 CDF and PDF plots of wire type for Type M tie rail-seat positive at ultimate
crack moment (Mur).
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Figure D. 16 CDF and PDF plots of wire type for Type M tie rail-center negative at first
crack moment (Mcr).
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Figure D. 17 CDF and PDF plots of wire type for Type M tie rail-center negative at crack
reached to outer layer of reinforcement moment (Mist).
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Figure D. 18 CDF and PDF plots of wire type for Type M tie rail-center negative at
ultimate crack moment (Murt).
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Figure D. 19 CDF and PDF plots of wire type for CXT 505S tie rail-seat positive at first
crack moment (Mcr).
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Figure D. 20 CDF and PDF plots of wire type for CXT 505S tie rail-seat positive at crack
reached to outer layer of reinforcement moment (Mist).
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Figure D. 21 CDF and PDF plots of wire type for CXT 505S tie rail-seat positive at
ultimate crack moment (Muit).
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Figure D. 22 CDF and PDF plots of wire type for CXT 505S tie rail-center negative at
first crack moment (Mcr).

155



CXT505 (Rail-Center)
pdf of M1st

2.0%
— AII-CXT505

250 350
M, k-in.
cdf of M1st

200

100%

80% |

60% 1

40% 1

20%

0%
150 200 250 300 350

Figure D. 23 CDF and PDF plots of wire type for CXT 505S tie - rail-center negative at
crack reached to outer layer of reinforcement moment (Mist).
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Figure D. 24 CDF and PDF plots of wire type for CXT 505S tie rail-center negative at
ultimate crack moment (Murt).
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Figure D. 25 CDF and PDF plots of Concrete compressive strength (f°¢) for Type F tie
rail-seat positive at first crack moment (Mcr).
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Figure D. 26 CDF and PDF plots of Concrete compressive strength (f’c) for Type F tie -
rail-seat positive at crack reached to outer layer of reinforcement moment

(Ml st).
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Figure D. 27 CDF and PDF plots of Concrete compressive strength (f°¢) for Type F tie
rail-seat positive at ultimate crack moment (Mu).
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Figure D. 28 CDF and PDF plots of Concrete compressive strength (f°¢) for Type F tie
rail-center negative at first crack moment (Mcr).
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Figure D. 29 CDF and PDF plots of Concrete compressive strength (f’c) for Type F tie
rail-center negative at crack reached to outer layer of reinforcement

moment (Mist).
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Figure D. 30 CDF and PDF plots of Concrete compressive strength (f°¢) for Type F tie
rail-center negative at ultimate crack moment (Mur).
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Figure D. 31 CDF and PDF plots of Concrete compressive strength (f’¢) for Type M tie -
rail-seat positive at first crack moment (Mcr).
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Figure D. 32 CDF and PDF plots of Concrete compressive strength (f’c) for Type M tie
rail-seat positive at crack reached to outer layer of reinforcement moment

(Ml st).
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Figure D. 33 CDF and PDF plots of Concrete compressive strength (f’¢) for Type M tie
rail-seat positive at ultimate crack moment (Mu).
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Figure D. 34 CDF and PDF plots of Concrete compressive strength (f’c) for Type M tie
rail-center negative at first crack moment (Mcr).
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Figure D. 35 CDF and PDF plots of Concrete compressive strength (f’c) for Type M tie
rail-center negative at crack reached to outer layer of reinforcement

moment (Mist).
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Figure D. 36 CDF and PDF plots of Concrete compressive strength (f’c) for Type M tie
rail-center negative at ultimate crack moment (Mur).
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Figure D. 37 CDF and PDF plots of Concrete compressive strength (f°c) for CXT 505S tie
- rail-seat positive at first crack moment (Mcr).
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Figure D. 38 CDF and PDF plots of Concrete compressive strength (f°c) for CXT 505S tie
rail-seat positive at crack reached to outer layer of reinforcement moment

(Mlst).
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Figure D. 39 CDF and PDF plots of Concrete compressive strength (f°c) for CXT 505S tie
rail-seat positive at ultimate crack moment (Muit).
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Figure D. 40 CDF and PDF plots of Concrete compressive strength (f°c) for CXT 505S tie
rail-center negative at first crack moment (Mcr).
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Figure D. 41 CDF and PDF plots of Concrete compressive strength (f’c) for CXT 505S tie
rail-center negative at crack reached to outer layer of reinforcement
moment (Mist).
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Figure D. 42 CDF and PDF plots of Concrete compressive strength (f°c) for CXT 505S tie
rail-center negative at ultimate crack moment (Mur).
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Figure D. 43 Comparison of AREAM design strength and rail-seat positive CDFs of Type
F tie concrete compressive strength at first crack moment (Mcr).
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Figure D. 44 Comparison of AREAM design strength and rail-seat positive CDFs of Type
F tie concrete compressive strength at crack reached to outer layer of
reinforcement moment (Mist)
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Figure D. 45 Comparison of AREAM design strength and rail-seat positive CDFs of Type
F tie concrete compressive strength at ultimate crack moment (Mu).
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Figure D. 46 Comparison of AREAM design strength and rail-seat positive CDFs of Type
M tie concrete compressive strength at first crack moment (Mecr).
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Figure D. 47 Comparison of AREAM design strength and rail-seat positive CDFs of Type
M tie concrete compressive strength at crack reached to outer layer of

reinforcement moment (Mist).
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Figure D. 48 Comparison of AREAM design strength and rail-seat positive CDFs of Type
M tie concrete compressive strength at ultimate crack moment (Mu).
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Figure D. 49 Comparison of AREAM design strength and rail-seat positive CDFs of CXT
505S tie concrete compressive strength at first crack moment (Mer).
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Figure D. 50 Comparison of AREAM design strength and rail-seat positive CDFs of CXT
505S tie concrete compressive strength at crack reached to outer layer of

reinforcement moment (Mist).
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Figure D. 51 Comparison of AREAM design strength and rail-seat positive CDFs of CXT
505S tie concrete compressive strength at ultimate crack moment (Murt).
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Table D. 1 Summary of Monte-Carlo simulated rail center negative and rail seat positive
moment with eccentricity variance

Rail-Center
. . Averaged
Concrete Compressive Strength, ksi 6 7 8 9 10 Difference
- o e- | -21496 | -223.41 | -230.91 | -237.39 | -242.99 -4.5%
@ © CXT505S | e -226.21 | -234.61 | -241.91 | -248.09 | -253.43
£ % 2 e+ | -23895| -247.55| -255.05 | -261.38 | -266.85 5.4%
§ w g < e- | -156.01 | -162.96 | -168.73 | -173.45 | -177.43 -6.4%
E % 3 i: Type F e -167.06 | -174.27 | -180.29 | -185.23 | -189.41
g - ~g s e+ | -176.32 | -183.79 | -190.09 | -195.30 | -199.70 5.5%
g % o e- | -189.63 | -196.95 | -203.27 | -208.59 | -213.15 -4.2%
§ 5 Type M e -197.74 | -205.43 | -212.11 | -217.72 | -222.58
e+ | -20555 | -213.61 | -220.66 | -226.61 | -231.74 4.0%
e- | -320.20 | -355.54 | -384.45 | -408.61 | -428.99 -4.6%
- CXT505S | e -337.21 | -372.94 | -402.71 | -427.57 | -448.46
T — e+ | -353.93 | -390.74 | -421.35 | -446.86 | -468.23 4.7%
5 i e- | -200.42 | -227.00 | -249.69 | -269.02 | -285.44 -6.5%
% = Type F e -215.44 | -243.24 | -266.97 | -287.14 | -304.24
*g E e+ | -230.48 | -259.54 | -284.35 | -305.42 | -323.25 6.6%
B = e- | -283.74 | -314.33 | -339.46 | -360.16 | -377.47 -5.0%
> Type M e -299.18 | -331.02 | -357.17 | -378.72 | -396.74
e+ | -31486 | -347.99 | -375.19 | -397.61 | -416.35 5.1%
Rail-Seat
o e- 367.30 | 378.58 | 388.55 | 397.13 | 404.65 2.7%
@ © CXT505S | e 357.02 | 368.30 | 378.33 | 387.29 | 395.19
£ % g e+ | 35273 | 36496 | 37590 | 385.87 | 394.84 -0.6%
RS e- | 40918 | 421.80 | 432.95| 44233 | 450.41 2.9%
E’ bR 3 = Type F e 397.49 | 409.81 | 420.66 | 429.78 | 437.63
g 5 ug = e+ | 38579 | 397.82 | 40838 | 417.24 | 424.86 -2.9%
°EJ g2 e- 340.42 | 351.54 | 361.33 369.62 376.80 3.6%
<§> 5 Type M e 328.59 | 339.42 | 34894 | 356.98 | 363.95
e+ | 31677 | 32733 | 33657 | 34437 | 35113 -3.6%
e- 557.50 | 60530 | 64433 | 676.21 | 702.61 3.3%
- CXT5055 |e 538.47 | 58537 | 623.76 | 65521 | 681.33
T — e+ | 51970 | 56561 | 60334 | 63434 | 660.13 -3.3%
§ i e- 586.47 | 641.01 | 686.26 | 723.39 | 753.77 3.5%
% =3 Type F e 565.38 | 618.72 | 663.11 | 699.73 | 729.87
*g E‘—s e+ | 54449 | 59661 | 640.11 | 676.18 | 706.03 -3.5%
= e- 501.55 | 54822 | 586.61 | 618.18 | 644.59 3.8%
- Type M e 481.90 | 527.48 | 565.06 | 596.00 | 621.87
e+ | 46248 | 50698 | 543.72 | 57404 | 599.37 -3.8%
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