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ABSTRACT

The design of structural members subjected to seismic activity has peagiesscent
years but does not yet include the effects of cold temperatures. In areasAlagkasthe
Midwest, East Coast, and even in some parts of the West Coast, this approachastaoduc
real deficiency as it is likely that an earthquake will occur during wmtenths. The current
research program was initiated to address this deficiency by develomnticen @nalysis
tool program capable of defining the moment-curvature response in either wanm or |
temperatures. As part of this investigation, the stress-strain behavio06f@G@de 60 mild
steel reinforcement was studied under low temperaturé€ {@0-40C) to ensure that the
effects of temperature is accurately accounted for in the newlyapeeehnalysis tool. In
addition to mild steel, the effects of cold temperatures on the behavior of soil, undonfine
concrete, and confined concrete are currently being examined by othechreseat lowa
State University.

The Versatile Section Analysis Tool (VSAT) was developed to reducgetieral
limitations found in other programs. Amongst these limitations are limitecaaiainaterial
models, lack of commonly used section shapes, and the exclusion of soil and low temperatur
effects. VSAT was constructed with many different features to providatiiéysn how the
user wishes to establish material properties for a particular @aWSAT includes the
following features: permitting different cross-sections, defining nbstnangth or UHPC
material properties, defining simplistic or sophisticated mild steel strpssing steel
material properties, allowing the addition of soil pressure, including a kiketscular
section, and accounting for low temperature effects on material behavior.

The testing of mild steel reinforcement at low temperatures showed a iuiaciraase
in the yield and ultimate strengths of 5.1 and 6.3 percent, respectively, whem¢pwer
specimen temperatures from°20to -4C0C. It was also found that the modulus of elasticity,
ultimate strain, and strain hardening strain were insignificantlytaffaender the same
conditions. Assumptions for the behavioral changes of concrete under low temgseta

be used in VSAT have been compiled from previous research until current testing ca

www.manaraa.com



Xix

completed. These assumptions will then be replaced with experimental datteddby this
project’s partner researcher, Aaron Shelman.

As portions of VSAT were completed, the program was continually verified to be
functioning correctly. First, previously known material models were verii@dincide
with those presented in this thesis by hand and within the newly developed program.
Second, as shown in the verification section of this thesis, non-prestresseduiectand
circular sections were compared with King's Program to ensure agcutdktPC H-shaped
sections were also examined based upon the work and experimentation of Vande &oort e
(2008). Unique features, where a comparison is impossible (i.e. temperatats eff the
stress-strain behavior of mild steel reinforcement), have been carefdéyg &0 VSAT. The
effects of these features have been checked, by hand, to ensure that the grogram i
functioning properly.

The development of VSAT has been successfully initiated and the results iculpart
sections have proven to be comparable with previously created section analysisnpro
Further expansion of the program is possible as additional desired featune® [zaparent.
Due to time constraints and the scope of this project, any addition features andatonti

testing of the program was left for a successor to complete.
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Chapter 1: INTRODUCTION

1.1 Historical Background

A bridge, by definition, is “a structure built to span a valley, road, railroad trigek, r
body of water, or any other physical obstacle, for the purpose of providing passadgeat
obstacle” (Bridge, 2009). The first bridges were produced by nature andavepéen as
simplistic as a log fallen over a river. Since this time, bridges have beerfnoradearious
materials such as stone, lumber, rope, steel, and concrete. Today, throughriberadrts
in technology and knowledge, bridge designers have developed new methods of design and
utilized advanced materials (i.e. ultra-high performance concrete) ito latiger spans,
withstand heavier loads, and maintain an artistic appeal that may, or may not,drave be
demanded by the consumer. This quest for additional knowledge, particularly taratruc
behavior and construction materials, has increased the efficiency of degignlaontinue
to do so as further knowledge is attained.

Bridges are comprised of a substructure and a superstructure. The sutesinetiides
columns and foundations while the superstructure contains all other elements afdke bri
A bridge normally contains one of two different types of foundations, a deep foundation or a
shallow foundation. Due to most of today’s bridges spanning over unstable soils (e.g. soi
near a body of water) or site constraints (e.g. property lines), theusbstrfrequently
utilizes deep foundations for support because it's usually a simpler and mioeffects/e
solution. Regardless of the system used, each structural member must iheddesig

withstand significant lateral loading in seismically active regions.

1.2 Seismic Design

The design of bridges is an ever-changing field in structural engigdbanis based
upon the knowledge ascertained over the years. Specifically, seismieangirhas
become of great importance due to structural failures occurring in pastcamd seismic
events. A few of these major earthquakes throughout U.S. history are the New Stxiks
during the winter of 1811-1812, the Fort Tejon earthquake of 1857, the Owens Valley
earthquake of 1872, the San Francisco earthquake of 1906, the 1940 EIl Centro earthquake,
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the Loma Prieta Earthquake of 1989, an earthquake occuring in the Gulf of Mexico in 2006,
and the Andreanof Islands earthquake of 2008 (U.S. Geological Survey, 2009).

The New Madrid earthquakes in the winter of 1811-1812 consisted of three earthquakes
exceeding a magnitude 8 on the Richter scale with thousands of aftershabksai$et al.,
2007), caused large areas of earth to sink, new lakes to form, and the Mississppo Ri
change course, leading to devastating effects upon the surrounding buildings mirdie ce
United States (Stover and Coffman, 2009). Further understanding of earthquakes, their
ground excitations (accelerations), and their effects on structures ve@necturing the
1940 EIl Centro and subsequent earthquakes where important ground excitation data could be
recovered.

For decades, a force-based design approach has been used in seismic ddsgn. Int
1980s, prior brittle failures of columns, connections, and piers led engineersZe tieale
were issues in their current force-based approach. The underestimatisigofldads, use
of an elastic design method, and no concept for energy dissipation were armorgysf s
these challenges (Priestley et al., 1996). A new design philosophy needed to besdoncei
and adopted.

1.2.1 Capacity Design Philosophy
In high seismic regions of the United States, such as California and Alask&rets
are now designed to ensure satisfactory performance by following thatgajesign
philosophy. This seismic design philosophy, as stated by Priestley et al. (1996 ma
stated as follows:
e under design-level earthquakes, the structure shall be allowed to resporticaigias
through flexural yielding;
e plastic hinge locations should be preselected and carefully detailed to enstine tha
structure can undergo an adequate ductile response; and
e undesirable inelastic mechanisms, such as shear failure and anchotaigedes!
prohibited by providing a suitable strength margin between nonductile failuresmode
and the dependable ductile mode of deformation through the formation of inelastic

plastic hinges.

www.manaraa.com



(-

This philosophy chooses plastic hinge locations in structural members thlasageed to

allow for plastic deformation during a seismic event while maintainmgtsiral integrity.

Upon the conclusion of the event, trained engineering inspectors should assess the damage
and determine if the structure requires repairing or replacing befopening for public use.

1.2.2 Behavior of Plastic Hinges

The predetermined placement of plastic hinges is vital in seismic desagtic Ringes
are designed and detailed to dissipate energy by responding inelasticallyadseismic
event without experiencing significant strength degradation (Priestidy £996). The
locations are determined by establishing the critical section of thedlenembers. These
plastic hinges can be positioned in a structure to allow for a bridge supersttagiaréorm
elastically or to provide redundancy in buildings in order to protect human lifegdauri
seismic event. If designed properly, the catastrophic failures depidkegure 1-1 and the
collapse of the entire structure can be prevented.

(b)
Figure 1-1: 1971 San Fernando Earthquake Damage, (a) Confinement Failure)®heat
Failure within Plastic Hinge (Priestley et al., 1996)

Flexural members need to be designed in such a way that they meet the despiarem
displacement ductility requirements at the ultimate limit staspasified in the code of
practice (i.e. ACl or AASHTO). To attain this displacement ductility pteselected hinges
ndergo deformation during the design seismic event. They should also be designed so that
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undesirable failure modes, such as shear and buckling, do not dictate the member’s
performance during the structure’s design life (Priestley et al., 1996).

The current procedure to design for the ultimate limit state is presented BZt-08
code and/or the AASHTO LRFD Bridge Design Specifications withimtegvisions (AClI,
2008; AASHTO LRFD Bridge Design Specifications, 2007). Both sources, ACI-08 €&hapt
21 and AASHTO Section 5.7.2.2, use the equivalent stress block method to determine the
flexural capacity of a flexural member and provide provisions on transvemsarcement
near the ends of these members to incorporate ductility. The equivalenbkicksmethod,
as shown in Figure 1-2, recreated from ACI-08 Section 10.2, assumes that the aon-unif
concrete compressive stress contour provides a total force that candsemégat as a stress
block with dimension®.85*f, by Bi;*c. All mild steel within the section is assumed to be at
yield, fy, or at the nominal flexural capacifys, in prestressed sections (ACI-08 Section
18.7.1 and AASHTO Section 5.7.3.1). From these assumptions, one can determine the
ultimate flexural capacity of the section. The AASHTO code allows fod.8&f. concrete
strength to be modified for sections if experimentation can prove the new veluwata@and
dependable (AASHTO LRFD Bridge Design Specifications, 2007).

gcu = 0.003 in/in 0.85*f'c

A A
£
c m
— d Y \ Equivalent
Stress Block
E— Asfy
&y

Figure 1-2: Flexural Design Method Based on the Equivalent Stress Blo¢ACI, 2008)

The equivalent stress block method has some limitations and disadvantages. This
method tends to be conservative (Priestley et al., 1996), leading to more cogthssethe
underestimation of flexural strength may lead to additional funds being spentafittiredr
existing structures where a more precise method of analysis may desectiba adequate.

The equivalent stress block method cannot accurately depict the true fleyaatycaf the
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section because the resultant compressive force location is not known. An inaattinac
section’s flexural resistance may cause undesirable failures, sstlear failure, to occur
because the demand is too high. Finally, the designer has no control over the duthiity of
system because it cannot be determined with the information provided.

In Section 8.4 of the newest AASHTO Design guide, AASHTO Guide Specifications for
LRFD Seismic Bridge Design, a moment-curvature approach for desiggmitigns is
provided (AASHTO Guide Specifications for LRFD Seismic Bridge Dest§A9). This
approach is more consistent to the Capacity Design Philosophy and also contammatiofor
on material models that can be used in lieu of material test data. This design guide wa
created in response to the vulnerability of columns with inadequate transvei@eeeent
and anchorage of longitudinal reinforcement found in the 1989 Loma Prieta and 1998
Northridge earthquakes (AASHTO Guide Specifications for LRFD Seisnuig&iDesign,
2009). Unfortunately, only mild steel and prestressing steel reinforcementsraoelgjiven.
Furthermore, utilizing this material information may lead to errors in theentourvature
response if the data used in the field isn’t properly represented (e.g. aifutiatedf the
strain hardening region of mild steel reinforcement is not defined in this dagume

Upon the completion of designing for the ultimate limit state, the seiidestate
should be checked. After an event, no remedial action should be required. This means that
no crushing of concrete, extensive cracks that require injection grouting, lorgspbthe
concrete should form under service and/or minor earthquake loading. Currently, this i
satisfied in code by extra provisions such as crack control reinforcenaeimpor
deflection check requirements.

To better estimate the actual behavior and capacity of flexural mefooedtimate and
service limit states while maintaining the most cost effective sectimonaent-curvature
approach can be used. The stresses are more refined to more accuditglynpraent
capacities and an idealized displacement capacity can be found. This is rdepadsithe

LRFD method because ductility is empirically integrated into equations.
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1.2.3 Moment-Curvature Approach

Section geometry, loading, and material models are required to generate atmome
curvature response such as that shown in Figure 1-3. Upon obtaining this moment vs.
curvature relationship, the first-yield and ultimate limit states carsbd to idealize the
curve and the approximate ductility of the section can be established. thihstéite
requirements are not attained or the ductility is deemed unsatisfactong foredicted
seismic loading, the geometry and reinforcement details of the saetaoibe altered. Then
the entire process is repeated for the revised section.

To generate a moment-curvature graph, the section must first be discietiizpieces.
The accuracy of the data found is inversely proportional to the size of the piecefasad.
given rotation or curvature value and neutral axis depth, the strains, stfesses and
moments of each individual material and piece are found. The summation of these forc
and moments are the total axial and flexural resistance of the section. Nekbus
iterative process is performed in order to find equilibrium between the appladaad and
the axial resistance. Once completed, the corresponding flexuradmesi$or the particular
curvature is correct. The entire process is then repeated for all pointsh®dangment-
curvature graph until the ultimate condition is reached. If the resultingemtecarvature
response doesn’t meet the designer’s requirements, the section is matlfiee antire
moment-curvature graph must be recalculated. Utilizing computer sofsvaoéh
beneficial and common design practice when generating the appropriate nconveitise
graph(s) in a relatively short period of time. In addition, utilizing a comauniysis tool

avoids the accumulation of errors associated with hand calculations.
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Moment (Force-Length)

Curvature (1/Length)

Actual = = Idealization

Figure 1-3: Comparison between Actual and ldealized Moment-Curvaire Responses
of a Concrete Section

1.3 Current Section Analysis Tools

There are many section analysis tools that are available for use. & fease
programs are: King’s Program (King et al., 1986), LPile (Ensoft, Inc., 2005), @penS
(Mazzoni et al., 2009), and XTRACT (TRC/Imbsen Software Systems, 2009). Thal are
capable of attaining a moment-curvature response given the necessarysepetally,
however, these programs lack features and/or versatility that are botltia¢aeftl crucial
to the determination to better estimate the moment capacity of a secticge shoetcomings
will be discussed below starting with geometry and defaults, reinforcenuetgls, concrete

models, temperature parameters, and soil parameters.

1.3.1 Geometry and Defaults
A software program used to aid in design needs to be easy to operate. For amoment
curvature software, it is desirable to incorporate preset section shapdardta

reinforcement sizes and areas throughout the program. To the author’s knowledgee®penSe
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allows for circular, rectangular and triangular sections with no standafdnament sizes
(Mazzoni et al., 2009); King’s Program allows for circular and rectangelztions with no
standard reinforcement sizes (King et al., 1986); LPile allows for sedifieaknt sections
with reinforcement sizes (Ensoft, Inc., 2005); and Xtract uses cirquilaregtangular
sections with no standard reinforcement sizes (TRC/Imbsen SoftwarenSy2@09). In
addition, finding a program that can analyze concrete sections with an extetutarcsteel
shell, octagonal or a H-shaped section with appropriate featuresgsildiffit is important
that a moment-curvature analysis program is capable of handling numesboisssehile
providing predetermined standard reinforcement sizes for functionality aadedte work

required of the user, respectively.

1.3.2 Reinforcement Model

In order to generate all possible sections in design, prestressing anteslild s
reinforcement need be available. To the author’'s knowledge OpenSees has both mild and
prestressing steel reinforcement (Mazzoni et al., 2009), King’'s Program hastiessiag
reinforcement (King et al., 1986), Xtract allows for any material madalable within the
Xtract Library (TRC/Imbsen Software Systems, 2009), and LPile hagbegtressing and
mild steel reinforcement (Ensoft, Inc., 2005). Of the programs including mdt] gte
stress-strain curve is defined by an elastic, perfectly plastic, aadgbha strain-hardening
region. Unfortunately, these programs do not allow for the strain-hardenimgnpairthe
curve to be altered because more information would be required. This limitatibrasstat
experienced in King’s Program (King et al., 1986), leads to errors in the pregranerated
output. Since the necessary information to account for these errors is not alwags tkieow
reinforcement models should have the option of being defined with a sophisticated or

simplistic material model.

1.3.3 Concrete Model
As previously stated in Section 1.2, the stress-strain behavior of each indiateaial
present within the section must be captured to attain an accurate momenireussonse.

Structural design software programs generally utilize one reiasuaple method for
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defining material behavior, forcing the user to use what is available. Mamdedel, or a
simpler model, is typically used for defining the stress-strain curve ofcbafined and
unconfined concrete. In simpler models the strain at which the maximum stress tte
transverse reinforcement stress, and the ultimate strain are preseéfgas that cannot be
altered. Incorrectly represented material properties lead t evithin the output generated.

First, when the maximum stress of concrete incregseso should the strain at which
it occursg/.. This is apparent in the equations presented by Mander et al. (1988b) but may be
fixed by the available software or concrete model used. This willalteonfined stresses
at their particular strains.

Second, models such as those provided by Mander et al. (1988b) assume that the
transverse reinforcement is always at yield. The stress of tiswvérge reinforcement
directly affects the confined concrete stress calculated due tdeguil requirements
within the section. For this reason, an overestimation of the confined corigrstecgcurs
at low strains where the transverse reinforcement has not yet reachiettistrength and an
underestimation of the confined concrete stress occurs at higher straieghéehgansverse
reinforcement should be in the strain hardening region of the stress-stran Reacent
developments by Hose et al. (2001) help alleviate this problem by accounting for the
variation in transverse steel stress, adjusting the concrete stressashfatrain.

Unfortunately, this model is not available in previously created programs.

Finally, the ultimate strain of concrete should not be a constant because it is dependent
upon the confining steel and the confined concrete maximum strength (Priesiley 896).
This problem could be avoided if programs provided an option for a user defined ultimate
confined concrete strain.

Since each of the previously mentioned parameters plays a key role in at@aining
accurate concrete stress-strain curve, they need to be availableratiait If not, these
errors will be imbedded within the moment-curvature response that may lead ta-an ove

conservative or under-conservative final design.
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1.3.4 Temperature Effects

Although the development of design has greatly progressed, little reseangt baen
done on the design of these same structures subjected to seasonal freezing. n&jsris a
deficiency in the seismic engineering field as some of the largest edisqeag., 1811-

1812 New Madrid Series and the 1964 Great Alaska Earthquake) have occurred during
winter months.

It has been shown through experimental testing by Sehnal et al. (1983), Lee et al. (1988),
and Van Der Veen and Reinhardt (1989) on concrete and by Filiatrault and Holleray (2001
Bruneau’s et al. (1997), and Sloan (2005) on various reinforcement types that cold
temperature alters the behavior of materials. Logically, thesgebahould affect the
moment-curvature response of the designed section and the performance of thalstructur
member.

The previous statement was evident in research conducted by Suleiman et al. (2006)
where seasonally frozen conditions cause considerable changes in the responstiefss
with the same section design. As part of their testing, two identical cdstli@u-hole shafts
were tested, one in warm and one in cold conditions. Suleiman et al. observed thatthe froze
shaft experienced a higher effective elastic stiffness, an increaderal load resistance, an
upward shift of the maximum moment location, and a reduced length in the plastic region
when compared to the warm shaft (Suleiman et al., 2006). They attributed thesageréor
changes to a 0.76m deep frozen soil layer near the ground surface. In addition to the
behavioral changes associated with cold weather conditions, some regionsoitede
States (e.g., Alaska) further complicate the issue by adding aroesteel shell to circular
sections. To the author’s knowledge, no available moment-curvature analysis program is
capable of handling this particular section.

As presented above, the effects of cold temperature upon the moment-cunsptonsee
must be included in the design process to ensure an adequately designed sect@arnfioc a s
event occurring during winter months. This task requires the use of an ar@iy#imt is
capable of altering steel and concrete properties as a function of temgesatnething not

currently available to a designer.
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1.3.5 Soil Confinement Effects

Plastic hinges can be designed to form in above-ground (i.e. columns) and in-ground
(i.e. foundation shafts) locations and should be analyzed separately due te¢negcd
soil. Soil pressure can have an extreme impact on the moment-curvature response of a
section. In a study conducted by Budek et al. (2004) on scaled cast-in-doléegdHes with
and without artificially added soil pressure, it was found that soil confinementaaa pl
significant role in the pile shaft response. This study found that adding a confieasyier
caused an increase in the confinement effectiveness, ductility capacitglastic hinge
length.

The soil confinement activated during displacement will alter all condretesses while
also inhibiting the spalling of concrete, altering the entire moment-cuevasponse. This
should be accounted for in the moment-curvature analysis of sections. This waelius
work conducted by Sritharan et al. (2007) where soil pressure was idealizaficas g
adding a secondary reinforcement layer on the outside of the tested sectiongpropgade
confinement pressure was determined iteratively. The section was aragzeithout soil
confinement with a moment-curvature analysis tool. This information was themusdeikl
to determine the confinement pressure exerted by the compression-onpyiags sipon the
section at various depths. The soil confinement pressure was next represented as a
equivalent transverse reinforcement layer on the exterior of the origitiansethe
moment-curvature data gathered from this modified section was used for subsequent
iterations.

The aforementioned iterative method requires an additional step from LPile to the
section analysis tool, creating the equivalent transverse reinforcement #gme of the
programs available today, such as King’'s Program (King et al., 1986) and Xtract
(TRC/Imbsen Software Systems, 2009), do not allow for the presence of sairprteske
captured via any method. For those programs allowing a secondary confiteyeerit
must be ensured that the effects of both the secondary and primary transveyseeragrit
are captured correctly to adequately define the confined concretessteessurve.
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1.4 Scope of Research

The preceding sections have demonstrated a significant lack of featunesetidte
available in the existing moment-curvature analysis tools for the designictusal
elements. Designers may be unwillingly and unknowingly imbedding errorthigit
analyses due to material definition limitations and restrictions.

If a seismic event were to occur in the United States during the winter{@y higs
documented occurrences, systems will react to altered soil pressuratantl behavior. If
the column/foundation was designed only to maintain a warm weather seismic event, the
capacity may be significantly reduced and the plastic hinge(s) mayricardifferent
location(s) due to an upward shift in the maximum moment location. These altenadipns
lead to a brittle failure and, ultimately, a collapse because the exceandies dissipated
through undesirable failure modes. Had a section analysis tool capable of handkng the
types of conditions been used, such a failure may have been avoided.

The main focus of this thesis is to develop a section analysis tool, Ve&ettien
Analysis Tool (VSAT), which will aid in the design of columns/piles withitreusion of
the following options:

1. Analyze reinforced concrete sections in warm and cold weather conditions

2. Analyze prestressed concrete sections in warm weather conditions

3. Include concrete sections experiencing a secondary confining pressughtioil

pressure and/or exterior steel shell

4. Include prestressed concrete sections in combination with ultra-higirparfce

concrete

5. Automate rebar and prestress reinforcement sizes and areas

6. Include different material behavior models with appropriate options

7. Define default parameters for the material models
In addition, to aid in the designing of a section analysis tool, a comprehensivg ¢est
A706 mild steel reinforcement was conducted. The effects of temperatusgandate on
the Young’s modulus, yield stress and strain, strain hardening region, and ultresgeastl

strain of the material were examined.
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1.5 Report Layout

The remainder of this thesis discusses, in detail, the procedures of theemfitwasd
project. Chapter 2 includes a literature review of the current availatérial behavior with
advantages, disadvantages, available models and reasoning for choosing the nobdels use
VSAT. Chapter 3 describes the comprehensive testing on A706 mild steel and its behavior
changes due to temperature and strain rate. Chapter 4 presents #heoaeual,
discusses all equations and models that were used in the development of VSAT with
appropriate accreditation. Chapter 5 is comprised of example problems thatlilatiesa
the capability of the program while also showing the importance of including such
parameters as temperature and soil pressure. Finally, Chapter 6 provides ltrcrenand

recommendations determined upon the completion of this project.
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Chapter 2: LITERATURE REVIEW

2.1 Introduction

This chapter presents a review of literature relevant to the developmenf®f VS
introduced in Chapter 1, as well as, that required for the completion of this thesis. This
includes chosen material models for concrete, UHPC, mild steel reinfartante
prestressing steel, and their advantages and disadvantages. Since VSAghesides
include the ability to examine cold temperature effects on the moment-cervasponse of
concrete sections, the findings of temperature effects on material belsaalgw discussed.
In addition, a summary of capabilities of existing moment-curvature pregage presented,
which also clearly shows the benefits of features included in the development of VSAT.

Note that the amount of detail in this chapter is limited to avoid repetition witlsin thi
document. The development of the theoretical procedures for VSAT further dssthesse

material models in Chapter 4.

2.2 Behavior of Concrete

Two models capable of defining the stress-strain behavior of both unconfined and
confined concrete were examined in this study. In addition, three models sddgogest
defining the effects of cold temperature on the behavior of concrete enssisd.

2.2.1 Stress-Strain Behavior of Concrete

Confined concrete contains longitudinal and transverse reinforcement, which provides a
confining pressure around the “core”. This pressure causes an increaserentté sind
strain capacity of the concrete. Unconfined concrete contains no reinforcamdefdr the
purposes of structural members, encases the confined core concrete. Thisiscosed’to
prevent the corrosion of reinforcement while providing an aesthetic aspeatspatific
strain, referred to as the spalling strain, the cover concrete crushssl@sequently spalls
off, no longer contributing to the moment resistance of the section. Typicallypttel m
presented by Mander et al. (1988b), or a more simplistic model, is used to defineshie str

strain behavior of concrete.
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The concrete model presented by Mander et al. (1988b) can define both confined and
unconfined concrete with a single stress equation given the required pasanidtis model,
which is defined in Section 4.2.3, is depicted graphically in Figure 2-1. The maslel w
established from a series of nearly full-scale column tests witingdigngitudinal and
transverse steel ratios (Mander et al., 1988a and 1988b). These columns had circula
rectangular or square cross sections and were subjected to either sdgt(dyriamic) strain

rates with either monotonic or cyclic loading.
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Figure 2-1: Confined and Unconfined Concrete Model by Mander et al. (1988b

The model was developed assuming the transverse steel is at a constastiegs!| It
also automatically develops critical parameters shown in Figréedy. elastic modulus
(Eo), confined concrete stresgy), spalling straing;,), and ultimate strairef,,.)) to lessen
the extent of knowledge required from the user. This particular model wagsddlecause
it is widely used in design when confined concrete is significant, which is madeaipipya
other programs using the same material model (e.g. King's Program &WCA). This
model also has parameters that were used in VSAT as user defined, allowing thénaser
more control over the stress-strain behavior of concrete. The features tisisdnodel are
advantageous but the simplifications can provide the overestimation and undei@siiia
confined concrete stresses at particular strains. Another model wasdéhat can account

for variable transverse reinforcement stress to correct this issue.
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Hose et al. (2001) investigated the effects of variable confining (trae\seel stress
and its effects on concrete strength to refine the work conducted by Mandef le¢ ahodel
was developed to analyze highway structures in California that were constructed pr
1990 with A615 steel instead of A706 as it required today (Hose et al., 2001). The concern
was whether or not retrofitting or replacement was necessary for thesersgumnd analysis
design models current at the time assumed too high of a transverse straity.caipaeis
shown through Hose et al.’s model that these structures had adequate transYiesaean
and that the strains stayed well below the known strain capacity levels.

Because Mander et al. assumed that the transverse steel is alwagastat yield
stress, the actual strength of concrete at the beginning of the stagssistve was
overestimated as shown in Figure 2-2. With the inclusion of strain hardeningpastad
for in VSAT, the model also underestimates the stress-strain behavior upongehehi

onset of the strain hardening region within the transverse steel.

Stress (Pressure)

Strain (Length/Length)

=== Unconfined = = Mander et al. Hose et al.

Figure 2-2: Comparison of Concrete Model Proposed by Mander et al. and He<t al.
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Hose et al. (2001) modified the model presented by Mander et al. by replacing the
constant transverse reinforcement constant yield stress with a variabl€rosgin turn,
modifies the confining pressure and the stress for a particular strainvas ishéigure 2-2.

In order to quantify the stress of concrete at a particular strain, therdibé concrete
must be known which also requires the dilation and stress of the transverse egisfurto
be found. Using experimental data, Hose et al. (2001) developed equations based upon an
incremental strain process to determine the stress of the transweficeeenent for a given
concrete strain (see Section Figure 4-5). This was combined with the mesksited by
Mander et al. to make a modified stress-strain concrete model. ThrougdintsmandJ,
Hose et al. made this model versatile. The designer can opt to change thesewlach
alter the concrete and steel performance and thus the stress-straiohdhthey possess
adequate experimental data showing that these new values are reliable.

This model was selected due to its features discussed above that fusithehaluser
to modify the stress-strain behavior of confined concrete. The more sophistrezdel
requires more data from the user on the stress-strain behavior of the transwinseneent,

but should provide a more adequate moment-curvature response for the section of interes

2.2.2 Temperature Effects

According to Lee et al. (1988) and Van Der Veen and Reinhardt (1989), the main
component attributing to the change in behavior of concrete due to temperature is the
presence and percentage of water. This means abGyedhcrete experiences little or no
changes in its behavior because the water has not experienced anyasighéttavioral
changes. After the temperature of concrete drops béléwtbe water freezes, which alters
the Young’s ModulusKE,), ultimate tensile strengtlf,(), ultimate compressive strengfi) (
and Poisson’s Ratio’l of concrete.

Research conducted by Wiedemann (1982), Sehnal et al. (1983), Lee et al. (1988), and
Van Der Veen and Reinhardt (1989) will be examined in this section. These particul
projects were selected due to their extent of information but are litoitbeé range of
temperatures relevant to this study%@Q@o -40C). In a parallel study, a series of tests on

confined and unconfined concrete is currently under way at lowa State Umivéipon the
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completion of testing, the effects of temperature on the stress-straindsesfaconcrete will
be modified, as needed, in VSAT. Until then, the following testing resultbeavilised to
quantify the effects of temperature on the behavior of concrete.
Sehnal et al. (1983) conducted testing on a single mix of 100mm (3.94in) concrete cubes
to examine the effects of temperature upon the compressive strength eteoms shown
in Figure 2-3, the temperature range used for this testing is far thegethat desired for
VSAT (20°C to -40C). This testing, however, does provide guidance and a means to
compare what compressive strength increase should be experienceddorgbeature range

in consideration for the development of the section analysis tool.

250

200 -

150 -

100 -

50 -

O T T T T T T
20 O 26 -560 -75 -100 -125 -150
Temperature (°C)

Percentage Strength Increase (%)

Figure 2-3: Compressive Strength Increases due to Low Temperatures Digitized
from Sehnal et al. (1983)

Lee et al. (1988) conducted testing on concrete cylinders to determine the sswvepre
strength, splitting tensile strength, and the modulus of elasticity of &rghlow-strength
concrete at low temperatures. As shown in Figure 2-4, all three charardd&stl to
increase linearly when temperature decreases. At least 21 specimsmperature were
used for compressive strength and Young’s modulus to ensure that an accurate auétage c
be taken. This data set, however, only included tests at 2QRC,, -BI’C, -5C°C, and -70C
making it impossible to define the compressive strength increase and othegtpasam
between 28C and OC and 0C and -P€, where the concrete is said to first begin exhibiting

behavioral changes.
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Figure 2-4: Increase in (a) Compressive Strength, (b) Elastic Modius, and (c) Tensile
Strength with Decreasing Temperature as Digitized from Lee et a{1988)

Finally, Van Der Veen and Reinhardt (1989) conducted testing on concrete cylinders
with varying moisture contents of 3.7% to 5.5% (by weight). They confirmed, imajetie
conclusions made by Weidemann in 1982 that the compressive strength of conoeasesc
as temperature decreases and is more affected in samples with rogdtarercontents. As
shown in Figure 2-5, they also compared their experimental data withceguatovided by
Rostisy and Goto (1978) and Miura (1984) that were developed to predict the increase in
compressive strength as a function of temperature and moisture content. Notie tlhe wi
previous testing, the range of interest is a small portion of their experiroenta. They
only performed testing at 20, -40C, -8C°C, -120C and -163C, making it impossible to
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accurately capture increases as a function of temperature for the famgeest for this

project.
foom (N/mm?}
{ |
mixt m |mix2 m
, woter-saturated] © 48%] o 55%

o ss%®” o S aS0%rh | v 1% ) 530

278 o air-dry 50% rth. | v &2 L A 3 %
60 ::\\\ GOlOIMILMD  =mmwrmmmmne i

R B, \ Rostasy

it NN \

50 et S \

37% o - o~ \\ AN

7% = N

—— \*\§ %\\l\\
40 37 \ \E\Q
. \\\‘\\\:E\
n\\? -\\\
20 RN
3 \\‘
o Lzss -120 -80 40
-180 <10 <100 -6G -20 0 +20

temperature{ °C)

Figure 2-5: Comparison of Van Der Veen and Reinhardt’'s (1989) Experimeal Data to
Equations Presented by Rostasy and Goto and Miura that Define the
Increase in Concrete Strength as a Function of Temperature and Moisture
Content

Due to the limitations of the testing by Weidemann (1982), Sehnal et al. (1983}, Lee e
al. (1988), and Van Der Veen and Reinhardt (1989), all models were compiled int@Table
to determine which would be used to define the effects of temperature on the behavior of
concrete until the research at lowa State University could be complete@sténsks, “*”,
found on the table indicate which models were used for the determination of Eqgs. 4.64
through 4.67 in Chapter 4. As shown, the modulus effects were taken from Lee et al. (1988),
and the compressive and tensile strength increases were taken fromr\Wéeeband
Reinhardt (1989). Sehnal et al.’s graph was not used because water content was deemed
important. Weidemann’s work was excluded from this table due to the information being not

readily available except for the comments cited through Van Der Veen and idEgark.
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Table 2-1: Advantages and Disadvantages of Concrete Material Models

Model Advantages Disadvantages
Temperature Effects on Concrete Models
Contains Information of Target Independent of Water Content
Lee et al Temperature Range
' Compressive Strength, Modulus*, | No Influence Equations Given
and Tensile Influences Provided
Contains Information of Target Equation Hard to Establish from
Temperature Range Data Given
Sehnal et al. | Compressive Strength Influence Only Compressive Strength
Provided Influences Provided
Independent of Water Content
Study Depends on Water Content No Modulus Influence Prov|ded
van Der Veen Confi'rms Provided Equation by
and Reinhardt Rostasy , .
Compressive Strength and Tensile
Influences Provided*

Note: “*” indicates which models were used for tireation of the analysis program

2.3 Behavior of UHPC

The compression behavior of ultra-high performance concrete (UHPCleiedifthan
that of normal concrete. A tri-linear relationship, which was developed by @adamiand
Gilbert in 2000 with recommended values by Vande Voort et al. (2008), is used to define the
compressive stress-strain behavior as shown by Figure 2-6 (see Section. 4Th8.6
compressive stress-strain model was based upon actual compression testeddryduc
Acker and Behloul in 2004 on UHPC cylinders (Vande Voort et al., 2008).

The tension behavior of UHPC developed by Vande Voort et al. (2008) was based upon
tests conducted by Bristow and Sritharan. As shown in Figure 2-6, this portion of tHe mode
consists of a linear segment equal to the elastic modulus of the materiahems@gth
decreased stiffness, and a horizontal straight line, and an exponentiallysohecstéiéfiness.

Vande Voort et al. (2008) developed an excel program supplemented by field tesiB@f U
H-shaped piles for the determination of their moment-curvature response. Thopoerdl
of the H-shaped section in VSAT followed the work conducted by Vande Voort et al. to

ensure that the program was functioning properly for this section type.
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Figure 2-6: UHPC Stress-Strain Behavior as Presented by Vande Voot &. (2008)

The combined UHPC model was selected as it was a current project beingtedraduc
lowa State University at the beginning of the VSAT development and the thabretic
response was validated through field tests. It is important to note that tiaalparhodel
doesn't distinguish between tensile and compressive strains and that the reqesess str
must be in ksi units. Finally, this material is only applicable to warm temupereonditions
as no temperature-variant testing has been completed to date. As such, VSATywill onl

allow room temperature material properties to be defined.

2.4 Behavior of Mild Steel Reinforcement

The stress-strain behavior of mild steel reinforcement currently usesigndoractice
can be expressed theoretically with three portions: an elastic portimhd @hateau portion,
and a strain hardening portion. Due to the models for mild steel reinforcementuilging f
described in Chapter 4, only the advantages and disadvantages of each matelriallhbede
discussed. Similarly, due to the complementary research conducted to ettemine
temperature effects on the behavior of mild steel, only the advantages ahuliages of

past models will be examined.
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2.4.1 Stress-Strain Behavior of Mild Steel

The first mild steel reinforcement model as presented by King @9%16) was selected
for its simplicity and can be found Section 4.2.4. From this model, one can define an entir
stress-strain curve without a complete set of experimental datapdssible to also exclude,
or include, the effects of strain hardening by altering the strain harderdngtanate
strength parameters accordingly.

Due to the required input and the assumptions of the model, the strain hardening region
of the curve cannot be altered and may be inadequate for some analyses. This problem
however, cannot be resolved because only two points along the curve are used to define the
model: the onset of strain hardening point and the ultimate point. For the purposes of a
simplified model to be used in VSAT, the model presented by King et al. is suiffid\@
additional model is required to more accurately represent the strain hardeiiog pithe
mild steel reinforcement curve when sufficient data is known.

The second model as presented by Dodd and Restrepo-Posada (1995) was sekected f
more sophisticated mild steel reinforcement model and is presented in Section 4.8ig.2
model has capabilities similar to that of King et al. but requires an additidagbaiat, an
arbitrary point along the strain hardening curve. The inclusion of this pointsadiog/to
alter the strain hardening region of the curve, by means of a quadratiofinotreflect the
actual stress-strain behavior of the material.

Due to the structure of the equations used, one cannot define an elastitlypastic
stress-strain model because phierm becomes undefined. This challenge, however, is only
easily resolved by hand as one can exclude the equation containing straimigeetfenis
or Eq. 2.8.

Current analysis tools generally use a simplified steel model where timnehstrdening
region of the curve cannot be altered. Furthermore, these programs reduhre tesigner
use the particular model chosen for that program. The inability to charigal grarameters
in the stress-strain behavior of mild steel can and will have an impact on the moment
curvature response of the section. Because the moment-curvature approach isttesedto a

more accurate moment capacity and to quantify ductility, these featucebaatierable.
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2.4.2 Temperature Effects

Bruneau et al. (1997) conducted testing on ASTM A572 Grade 50 steel to examine the
behavioral changes due to decreased temperatures. Filiatrault andii{2@01) conducted
similar tests on CSA G30.16 reinforcing steel with a nominal yield strieiglOOMPa (58
ksi) and a reference temperature of 20°C. Both sets of data provided a basi@anduheyst
of the effects of temperature on the behavior of mild steel reinforcement. Uhafiaty,
because A706 mild steel was not utilized for the tests, a requirement ofgemént in
seismic regions (ACI, 2008) and no effects on the strain hardening portion ofibevas
presented, these models could not applied for use in VSAT.

Sloan (2005) examined the effects of temperature on A706 mild steel reinfatceme
From his data, strength increases of 8% and 12% for yield and ultimate strength,
respectively, were found around 2E2(-3(°C) that should have been applicable in VSAT.
There were, however, challenges that were experienced for his experiometitzt to using
dry ice to cool the samples rather than an environmental chamber. First, acthgota was
attached to the exterior of each sample during cooling and the sample tedsipesn
reaching the desired temperature (Sloan, 2005). It is believed this method magused
the temperature inside the sample to be different than the reported value. Second, the
samples were removed from the dry ice for testing. This same method wasreahiside
lowa State University by pre-freezing the samples, but within minliestithors of this
thesis found the samples had increased in temperatureCh2@re testing due to heat
transfer. Sloan (2005) stated in his thesis that the warming of the samples diffidalt to
correctly quantify the cold temperature stresses during testingt¢hef t@sting became a
factor (see Figure 2-7). Next, failure of specimens were expederear the grips due to
rapid warming, likely due to heat transfer (Sloan, 2005). Milled samples werasbd
toward the end of testing to resolve this phenomenon. As shown in Figure 2-7, Sloan’s
milled samples experienced higher stresses than the unmilled samplbesligved that
there is a discrepancy between the ASTM nominal area and the actual adedoofreed
reinforcing bar. Finally, the target temperature for Sloan’s work-2&§ (-3°C) and
contained a high scatter. This target temperature coincided with additistived tee would

perform not pertinent to this thesis, but also created a data gap betweenpbeateres of
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68°F (2C°C) and -22F (-3C). To better understand and illustrate Sloan’s findings, Figure
2-8 was established from the experimental data provided in his paper (Sloan, 2005) and an
assumption made by the North Carolina State University (NCSU) has been daided. T
assumption was based upon two different material types, A706 by Sloan and3034 Gy
Filiatrault and Holleran (Montejo et al., 2008). As shown, no trend for either the @ltonat
yield strength increases as a function of temperature could be estabdistirexittmperature
range of interest for this thesis. Note that the assumption made from NCSU deeanto

be reflective of A706 mild steel reinforcement.
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Figure 2-7: Stress-Strain Behavior of Milled and Unmilled A706 MildSteel
Reinforcement Samples at a Strain Rate of 0.01/s that Experienced
Thawing During Testing (Sloan, 2005)
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2.5 Behavior of Prestressing Steel

The stress-strain behavior of prestressing steel currently used ialthesain be
expressed theoretically by a bilinear curve with a curved transition. Dhoe toddels for
prestressing steel being fully described in Chapter 4, only the advantagesaaivéuiages

of each material model will be discussed.

2.5.1 Menegotto and Pinto
The model by Menegotto and Pinto, as presented by Naaman and Harajli (1985) was
selected because the entire stress-strain behavior of prestressiraastbe expressed by a

single equation which is presented in Eq. 4.48. Three coefficients K, N, and Q make this
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model extremely versatile. Changing these coefficients allow theauserdify all portions

of the curve including the elastic or first linear portion, the transition portionhand t
secondary linear portion. This model was also selected because recommendederalues
presented with the equation by Naaman and Harajli (1985). The model is capabieindg def
a curve with a large transitional area and one with a very small transai@aabut cannot

create a bi-linear curve due to the formulation method of the equations.

2.5.2 Devalapura and Tadros

The model by Devalapura and Tadros (1992), as presented by the PCI Journal, was
selected because the entire stress-strain behavior of prestressiroggstalso be expressed
by a single equation which is presented in Eq. 4.50. This model was selected, amadditi
Menegotto and Pinto, to provide an alternative model with a completely different set of
recommended values (Devalapura and Tadros, 1992) while maintaining itditaergamiur
coefficients A, B, C, and D allow the user to modify all portions of the curve inclaéng
elastic or first linear portion, the transition portion, and the secondary lineasrpofthe
model is capable of defining a curve with a large transitional area and ¢ne vaty small
transitional area but cannot create a bi-linear curve due to the formulaibadof the

eguations.

2.6 Analytical Models

The following section provides the capabilities and inabilities of the followingpaten
section analysis programs: King’s Program (King et al., 1986), LPiied{t, Inc., 2005),
OpenSees (Mazzoni et al., 2009), and XTRACT (TRC/Imbsen Software Systems, 2009).
These are some programs that can currently be used for the development of a moment-
curvature. Note that only the features relevant to establishing a momenticeiresponse
are discussed below and are to the author’s best knowledge having reviewediths tdat

each program.
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2.6.1 King's Program (King et al., 1986)
King’'s Program is capable of the following:
e Assist in initial section design
e Analyze sections containing confined concrete, unconfined concrete, and mild
steel reinforcement
e Analyze cross sections using the following methods:
o Uniaxial bending of rectangular sections using the ACI stress block
o Biaxial bending of rectangular sections using the ACI stress block
o Circular sections using the ACI stress block
o Uniaxial bending of rectangular sections using the Mander model
o Circular sections using the Mander model
King’'s Program has some deficiencies that would be advantageous in an ahalytic
model. First, the program can only be run in DOS mode. This means that there are no
graphics depicting what the program is asking for other than the user madmcial at times,
also lacks sufficient information. This is very important in the design, since a
misinterpretation can lead to inaccurate results and possibly failure sfrticture after
being built. Second, the program requires the size and area of rebar be entered byisand. T
can become cumbersome and result in an error if one uses an area that is notatpessient
those used in the field. Third, the parameters used to define the stresbedtevior of
concrete and mild steel are fixed. This creates a problem because thalsnaded in
design have changed since the creation of this program and may still changeitaréhe f
Furthermore, this program does not provide the generated stress-strain cedvies thse
analysis to verify that the materials were correctly defined. Rotlm¢ ultimate strain
capacity of concrete cannot be altered by the user when more accunateadalable.
Finally, the program does not account for the presence of temperature or sollirasifietts

upon the stress-strain behavior of the materials presented above.
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2.6.2 LPile (Ensoft, Inc., 2005)
LPile is capable of the following:
e Analyze sections containing confined concrete, unconfined concrete, mild steel,
and prestressing steel
e Provides standard reinforcement sizes and areas
e Analyze several different cross sections such as circular, rectaagdlaircular
containing an exterior steel shell

LPile also is incapable of handling a few features that would be advantageawsna dical
model. First, the program has material models that are fixed or limiteccoRorete, the
user may only specify a compressive strenfjthfor concrete. The maximum compressive
strength is reduced in LPile is then 0.85tather than increasing in strength as with
confined concrete. This means a simplistic concrete stress-straie gafied for the entire
section regardless if it is confined or unconfined. It also fixes the ultirmate ef concrete
to 0.0038 that usually is dependent on the confinement and concrete parameters. For mild
steel, only an elastic perfectly plastic material can be used ratrealiowing the user to
include strain hardening effects. For prestressing steel, only theoiaia| prestress losses,
and two grade types can be defined. Altering the stress-strain behanobpisssible.
Second, the material thickness for discritizing the section, which dirdf#btsaathe accuracy
of the output, is set at 0.79in (20mm) and cannot be altered. Third, every value for the
section must be inputted into LPile except for mild steel areas and sizes. ddnseke
cumbersome and requires additional knowledge (e.g. calculating the modulus oitefasti
concrete or the moment of inertia of the section after entering the sectimietgg) to
complete an analysis. Finally, the program does not account for the presesmoparbture
or soil and their effects upon the stress-strain behavior of the matersdaact above.

2.6.3 OpenSees (Mazzoni et al., 2009)
OpenSees is capable of the following:
e Provides a library of materials that include confined concrete, unconfined
concrete, bilinear and non-bilinear prestressing steel, and mild steel

e Provides tensile concrete strength
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e Analyze the circular, rectangular, and triangular fiber cross sections
OpenSees also is incapable of handling a few features that would be advantageous i
analytical model. First, the program requires the size and area obeebatered by hand.
As stated previously, this can be tedious and result in human error. Second, the strain
hardening region cannot always be correctly defined because a tangetitdronset of the
strain hardening region is used rather than a point along the curve. Finallygrenpdoes
not account for the presence of temperature or soil and their effects upon thstsiness-

behavior of the materials presented above.

2.6.4 XTRACT (TRC/Imbsen Software Systems, 2009)
XTRACT is capable of the following:
e Provides a library of materials that include confined concrete, unconfined
concrete, bilinear steel with parabolic strain hardening, and prestresshg st
e Create user defined materials
e Provides an interactive template library to define and analyze circular and
rectangular cross sections quickly
e Discritize arbitrary cross sections
XTRACT also is incapable of handling a few features that would be advantageous in a
analytical model. First, the program requires the size and area obeebatered by hand.
Again, this can be tedious and result in human error. Second, the material properties
provided only give one model type (e.g. Menegotto and Pinto model for defining
prestressing), otherwise requiring the user to define their own stressasétarial model.
Versatility should be provided to allow for multiple materials to be developee wail
requiring full knowledge of a method to define the material’s stress-stehavior. Finally,
the program does not account for the presence of temperature or soil and theiupéfiects

the stress-strain behavior of the materials presented above.
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Chapter 3: BEHAVIOR OF A706 MILD STEEL REINFORCEMENT
UNDER COLD TEMPERATURES

3.1 Introduction

Over 400,000 bridges or 2/3 of all the bridges in the United States experiencelseasona
freezing as temperatures vary betweetFg20°C) and -460F (-40°C). In addition,
approximately fifty percent of the 66,000 bridges located in active seisminsegliso
experience seasonal freezing (Sritharan and Shelman, 2008). The effects of cold
temperature, though applicable in all structures, become more significarsnmcsagesign
where the moment-curvature response and ductility are desired. Unfostuaatel
knowledge of these effects is limited and, therefore, is rarely impleshé@ntoutine design
methods. To improve existing design and more accurately predict bridgenpente, the
temperature-variant behavior of the utilized materials must be known.

History lacks a systematic study on the behavioral changes that low teimgefeave
on ASTM A706 Grade 60 reinforcing steel. To fulfill this need while satisfgurgent code
provisions, only this material will be examined. Utilizing quasi-statidilmpand
temperatures varying from & (20°C) to -40 F (-40°C), lowa State University studied the
effects of cold temperature on the stress-strain behavior of this médetizd Alaska
University Transportation Center (AUTC) and the Alaska Department aEpaatation and
Public Facilities (Alaska DOT & PF).

The following sections examine the effects of temperature on the yieldtbtesrdy
corresponding strain, modulus of elasticity, stress and strain at the onsainofiatdening,
and the ultimate strength and corresponding strain of ASTM A706 Grade 60 nlild stee
reinforcement. Furthermore, two different bar sizes and three differantrsti@s were used
for this study to determine whether bar size or strain rate affegtsf éime aforementioned
properties. A background of A706 mild steel, past studies, a testing plan and reatrits,

comments, and conclusions will be discussed in this chapter.

www.manaraa.com



32

3.2 Background

The first version of ASTM A706 was published by ASTM international in 1974. It was
created in response to the engineering requirements for deformed remfmacsnwith a
controlled tensile strength for earthquake-resistant structures andvietdisbility
(Gustafson, 2007). As stated in Note 1 of ASTM A615, “welding of the material in this
specification should be approached with caution since no specific provisions have been
included to enhance its weldability” (ASTM Standard A615, 2009). In 1990, the Concrete
Reinforcing Steel Institute (CRSI) published Report No. 34, "ASTM A706 ReinfpRars-
Technical Information with Commentary on Usage and Availability" to respond taansest
regarding A706 mild steel reinforcement from engineers, architects, astiwiors for
A706 (Concrete Reinforcing Steel Institute, 1990).

It was the California Department of Transportation (Caltrans) thatdigsiired the use
of A706 reinforcement in virtually all concrete structures except for minactares
(Gustafson, 2007). From 1995 to the present time, several Departments of Trangportati
(DOT's) followed in the footsteps of Caltrans. Some of these, which alscadradeseismic
states of the country, include: the lllinois DOT, Alaska DOT Public Facditg Washington
DOT (Gustafson, 2007). Today, Section 21.1.5.2 of the ACI 318-08 code states that all
“Deformed reinforcement resisting earthquake-induced flexural aatifaxces...shall
comply with ASTM A706” (ACI, 2008).

3.3 Past Studies

Previous studies by Bruneau et al. (1997), Filiatrault and Holleran (2001a and 2001b),
and Sloan (2005) have been conducted on the effects of low temperature on various steel
reinforcement types. Regardless if these test samples were A706 or not, whicren't,
they are mentioned because they offered insight on possible strength inthhatsesld be
experienced which was utilized to determine test sample preparation miethtids
document. The material properties of ASTM A706 Grade 60 reinforcing steel to be
established from the proposed testing will then be compared to this research.

Bruneau’s et al. (1997) summarized the results of cold temperature @ws#H§TM
A572 Grade 50 steel conducted by the Bethlehem Steel Corporation. The Bethieblem S
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Corporation found the yield and ultimate strengths increased in a quadratn fagtt
percent and 5 percent, respectively, when decreasing from 20°C to -40°C. Itavas als
reported that the modulus and ultimate strain were unaffected by the colderFurt
information regarding the sample shape, size, testing temperatures ancteregmntrol
method was unavailable.

In a report by Filiatrault and Holleran (2001a and 2001b), the authors dissearcte
conducted on CSA G30.16 reinforcing steel with a nominal yield strength of 58ksi (4pOMPa
at 68°F (20°C), -4°F (-20°C), and -40°F (-40°C) and different strain rates. Hazakes
examined the stress-strain response of milled 0.591in (15mm) deformed barssaithple
from a single bar, under different temperatures and loading rates. Ar&tumpecontrolled
chamber was installed around the samples to maintain a constant temperatgreafurin
test. Upon test completion, the researchers concluded that the Young’s modulus and the
ultimate tensile strain of CSA G30.16 reinforcing were unaffected byeenpe, but the
yield and ultimate tensile strengths increased linearly by 20 percent anct&0tpe
respectively, when temperatures were decreased from 20°C to -40°Cgdiliatrd
Holleran, 2001a and 2001b). Their data suggests that the yield and ultimatth sthemges
associated with altering the strain rate may also be dependent upon the tempétatir
specimen. This is justified by the strength vs. strain rate graphs, imberasing the strain
rate at each temperature causes a higher increase in strength feecaitesis than warm
specimens.

Sloan (2005) conducted testing on A706 mild steel reinforcement &FA2BC) and
the temperature of dry ice as a part of his research to examine the dffeatdemperatures
on the performance of reinforced concrete members. Upon examining his data, atedstim
increase of 8% in yield strength and 12% in ultimate strength was found by thesaithor
this paper around -2E (-3C°C) but no trend could be established. Unfortunately, some
challenges arose due to using dry ice to cool the test samples rather thamcammemital
chamber. First, a thermocouple was attached to the exterior of each sample oy
and the sample was tested upon reaching the desired temperature (Sloan, 2005). Iti
believed this method may have caused the temperature inside the sample todre thHe

the reported value. Second, the samples were removed from the dry ice for {Esting
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same method was considered by lowa State University by pre-freeeisgrtiples, but

within minutes the authors of this thesis found the samples had increased in temd€ratur
20°C before testing due to heat transfer. Sloan (2005) stated that the warmingaohfies
made it difficult to correctly quantify the cold temperature stressesgitesting; the rate of
testing was a factor. Finally, failure of specimens was expmgEnear the grips due to

rapid warming, likely due to heat transfer (Sloan, 2005). Milled samples weresbd

toward the end of testing to resolve this phenomenon. Upon observing that Sloan's mille
samples experienced higher stresses than the unmilled samples, it is beaeteere is a
discrepancy between the ASTM nominal area and the actual area of acnegnbar.

In all cases, regardless of material type, the effects of tetnpei@an strain hardening
were not provided and temperature increments for the given range vgere Aadditional
testing with a reliable cooling method is required to determine which datbasey, is
applicable to the ASTM A706 Grade 60 reinforcing steel used in the U.S. today.

3.4 Experimental Study

Presented in this section are details of the experimental study undertaken ify thent
stress-strain response of A706 reinforcing steel at low temperaturesanurery of those
results. The testing performed followed the guidelines presented by ABTag testing
conditions permitted (ASTM Standard E8, 2004 (2006)). The subsequent sections will
discuss the test preparation, setup, and types of tests performed along witthalbenges

that arose, or were experienced, during this study.

3.4.1 Sample Preparation

#6 and #8 deformed bars ordered from a steel manufacturing company were tesed ins
of a test coupon to ensure that the material composition and performance bletheea &ff
that used in the field. From these bars, specimens were cut into approximatajeBdths.
These lengths were required for the environmental chamber to fit in the MT&hmdaring
testing. Each bar segment was separated, marked, and tested at each predeterm
temperature to avoid introducing other variables into the test data. Each segnfewas s

in Figure 3-2, was then milled at its center to a cylindrical crogsesdor a specified gauge
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length. This was done for three reasons. First, this enabled the exacectmssabkarea of
the specimen, utilized in calculating stress, to be determined. Second, tresirachec
forced the failure to occur within the milled region. Finally, during ingahple testing, the
authors of this document found a discrepancy between the ASTM nominal area and the
actual bar provided by steel manufacturers, the actual bar area was shaallthat reported
by ASTM. This discrepancy was compensated by a higher strengdelimesulting in the
same force-strain curve as a bar with an ASTM nominal area. As only tkd stiéss-
strain data and stress-dependent parameters (i.e. elastic modulus)earegdnesthis
document, the area discrepancy must be measured.

Deformed reinforcing bars cannot be gripped directly for testing. Théodased on the
bar, normally used to enhance the transfer of forces in the field, cause stresdrations in
the grips if gripped directly. This increase in stress can lead to the failtire testing
apparatus and occurred during the initial stages of testing on A706. This prohlem ca
resolved by two methods that were used for this study. First, four aluminum half-pipe
sleeves, as shown in Figure 3-1, can be placed on the ends of each bar at the point of
gripping. Upon gripping, these sleeves form to the bar, allowing for a constesvietrse
stress to be attained during each test. Second, the ends of each bar caml be anille
cylindrical cross-section to avoid the stress concentration from formingfir$hef these
methods were used on the #6 bars and the latter on #8 bars. This was necessary due to size

constraints of the testing apparatus.

Figure 3-1: Outer and Inner Surfaces of Aluminum Sleeves Before andfi&r Testing
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3.4.2 Test Setup

All specimens were tested in an environmental chamber that was desidined1t10
kip capacity uniaxial Materials Testing Systems (MTS) fatigaelhime as shown in Figure
3-2. The environmental chamber ensured that the specimens would be subjected to the
chosen representative temperatures. A “dummy” bar with a hole drilledcainiterline
housed a thermocouple and was inserted into the chamber for the side as shown in Figure
3-2. Another thermocouple was placed in the chamber to verify that the environmental
temperature readout was accurate during testing. Upon reaching thd didbte
temperature, the testing of each specimen was initiated. During eaitfeteshperature
was monitored to ensure no significant change in temperature occurred that wdelctine
test useless.

The main gauge used for monitoring strains was an extensometer that was rated t
function at the required temperatures. It was placed on the milled section of tineespeyg
direct contact to capture the strains for the exact milled area instdeglradrhinal area
reported by ASTM (See Figure 3-2). The tensile stresses induced on tinesspeere
determined by a load cell that measured the applied axial load during tedtege Values
were then divided by the reduced cross sectional area of the specimenecbatad from
each test was used to develop a stress-strain curve as a function of tempetadursed in
the moment-curvature analysis of columns and foundation shafts.

Cooling of the steel samples in the environmental chamber proposed a problem.
When conducting a trial test to determine how long the sample would take to codgl, it wa
found that if the temperature in the chamber was set to the desired tespegaene it
could take an excess of 2-3 hours before the sample was ready for testingsendhes
time burden, the chamber was set at a temperature 10-15°C colder than déiseed at
beginning of each test. This reduced the time necessary for a samplédntthesdesired
temperature to about 30 minutes. Upon reaching the desired temperature in therspbe
temperature discrepancy was lowered until the desired testing teanperaboth the sample
and the chamber coincided.
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3.4.3 Monotonic Testing

The monotonic testing, with the setup shown in Figure 3-2, utilized two different, yet
constant, strain rates per test. Both strain rates corresponded to the ntédaléesfzecified
by ASTM E8. The first strain rate, 0.001896 inch per inch per minute (in./in./mirs), wa
used to determine the yield strength of the sample up to a strain of 0.01. dihis str
corresponded to the onset of the strain hardening region of the stress-strainpowue
reaching 1% strain, a faster rate, 0.275 in./in./min., was used until the sestevaat 18%
strain. This second strain rate was applied until 18% strain was reached and theed i
determination of the ultimate strength of the specimen. Additional testingomdsicted at
constant strain rates of 0.003, 0.03, and 0.3 in./in./min. throughout the entire testnonaeter
if strain rate affects the materials stress-strain behavior.

s

=

Aluminum

—

Sleew d

Wedge Gri ; Insulation
Hydraulic
Piston Reduced

Bar Section

Extensometer

Mild Steel
Specimen

Dummy Bar
Figure 3-2: Test Setup
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3.5 Test Matrix

All testing was performed on ASTM A706 Grade 60 deformed steel reinforcement. A
summary of the study is presented in Table 3-1 and Table 3-2. As seen iB-Lakie first
portion of the study utilized two different bar sizes that were subjected to monestimg t
a #8 bar and a #6 bar, and were tested at five temperatures: 68°F (20°C), 41°F (5°C), 30.2°F
(-1°C), -4°F (-20°C), and -40°F (-40°C). These bar sizes were chosen as tbeynarenly
used in design and are capable of being tested in the provided MTS Machine. Larger
specimens would require a higher load capacity machine. Eight tests, withatinfdessper
test (28 samples), were used to determine the behavioral changes of tied orater low
temperatures and the effects of section size. As depicted in Table 3-2, the setonapor
the study consisted of testing #8 bars, tested at 30.2°F (-1°C) and -4°F (-20°Cgréhat w
used to examine the effects of strain rate on the stress-strain behavior atehalmSix

tests, with a minimum of two samples per test (6 samples), were used.

Table 3-1: Monotonic Test Matrix for the Effects of Temperature and Sdwn Size on
A706 Mild Steel

Number of , Loading
Tests (Samples) Temperature Bar Size Rate(s) Purpose
1 (3 Samples) -40°C #8 0.001896/0.275(
1 (3 Samples) -20°C #8 0.001896/0.275(
1 (3 Samples) 1°C 48 0.001896/0.275( Deétermine the Effects
of Temperature
1 (3 Samples) 5°C #8 0.001896/0.275(
1 (3 Samples) 20°C #8 0.001896/0.275(
1 (3 Samples) -40°C #6 0.001896/0.275(
1 (3 Samples) -20°C #6 0.001896/0.275(
Determine the Effectq
1 (3 Samples) -1°C #6 0.001896/0.275(0 of Temperature and
Section Size
1 (3 Samples) 5°C #6 0.001896/0.275(
1 (3 Samples) 20°C #6 0.001896/0.275(
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Table 3-2: Monotonic Test Matrix for the Effects of Strain Rate on A706 Mild Stel

Number of , Loading
Tests (Samples)| | cmperature S e Rate(s) Purpose
(& Samples) e "8 0.003 Determine the Effectq
1 (2 Samples) -1°C #8 0.003 of Strain Rate
(& Samples) e "8 0.03 Determine the Effectq
1 (2 Samples) -1°C #8 0.03 of Strain Rate
(& Samples) e "8 0.3 Determine the Effectd
1 (2 Samples) -1°C #8 0.3 of Strain Rate

3.6 Test Results and Discussion

This section is devoted to the experimental results that were attained tthering
aforementioned test matrix along with a discussion of these results. A sunirtiey o
effects of temperature on the modulus of elastiétyyield strength and straify,andey;
onset of the strain hardening, and ultimate strength and straig,andes,, of A706 mild
steel will be discussed followed by the effects of strain rate andzearA graphical
idealization of the stress-strain behavior of mild steel reinforcememthiése key points has
been provided in Figure 3-3. Note that the behavioral changes mentioned beloweare pres
even before the specimen temperature has reached 0°C.

All reported information in this section is based upon the milled cross-sdaeaa To
make proper adjustments to stress-dependent values, such as the elastic modulus and the
stress-strain relationship, it was found that the unmilled area of theraepéal rebar was
4.279% smaller than the ASTM area for the #8 rebar and 2.299% smaller for the #6 rebar.
Note that this does not affect the strength increases reported asetegad upon percent

increase and not stress increase.
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Figure 3-3: Idealized Mild Steel Reinforcement Stress-StrailCurve

3.6.1 Effects of Temperature

The modulus of elasticitygs, was found using the best fit slope between zero stress and
the yield stress. From the testing performed, it was found that varyitentiperature
caused no significant change in the modulus. This coincides with the conclusions of the past
studies mentioned in this document. A graphical representation of this data fioayd in
Appendix A.

The yield strengthfy, was attained by applying a best fit horizontal line to the yield
plateau within the stress-strain curve of the material. Specimensesnqastia 5.1 percent
increase in yield strength as the temperature decreased from 68°F (2040yF (-40°C).

The data varies in a quadratic fashion, as depicted in Figure 3-4, be#iatbbgrthe

equation below that corresponds to the best fit trendline of the data set. A standdiohdevia
equation, 8, has been provided for those who wish to examine the ramifications of using the
minimum or maximum Yyield strength increases rather than the best fit fefféloes

temperature.
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e % Increase = 0.0009(T) 0.0674(T) + 0.9880

e +o=2(0.0191(T) - 0.3820)

with T ifC

The data variation is similar in contour to A572 reported by Bruneau et al. blictsonith
the linear variation of CSA G30.16 suggested by Filiatrault and Holleran. In addigon, t
magnitude to which the yield strength of A706 is affected by all tempesa¢xamined is

less than that observed for these two materials. Lastly, the yieldtbtirorease

experienced at -2E (-3PC), or about 3%, is considerably less than that reported by Sloan

but the scatter of the data collected is considerably less than that found sehishe Note

that the assumption made by NCSU based on Sloan’s and Filiatrault and Holleranis wor

not reflected in this study and an increase in the yield strength is apparentfeven be

reaching 32°F (0°C).
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Figure 3-4: Effects of Cold Temperature on the Yield Strength of A706 Nd Steel
Reinforcement Established from Monotonic Testing
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The yield straing,, was calculated by dividing the yield strength by the modulus for each
specimen (i.egy = fy/ E) and the strain hardening strasg, was defined as the strain at
which the specimen begins to steadily increase in strength aftengi¢tdie Figure 3-3).
The yield plateau length can then be defined as the difference betwetaithbadening
strain and the calculated yield strain (iegs-¢y). No considerable change occurred in this
parameter as the temperature decreased. See Appendix A for the grapinesdntation of
yield plateau length vs. temperature data.

The ultimate strengthi,, was defined as the maximum stress occurring during each test.
The strain corresponding to this stress is then defined as the ultimatesgi(@iee Figure
3-3). Specimens experienced a 6.3 percent increase in ultimate strengtteagptrature
decreased from 68°F (20°C) to -40°F (-40°C). The data varies in a quadratic fashion, as
depicted in Figure 3-5, best described by the equation below that corresponds tofihe bes
trendline of the data set. Similar to the yield strength increase @guatstandard deviation
equation, 8, has been provided for those who wish to examine the ramifications of using the
minimum or maximum ultimate strength increases rather than the Hestthie effects

temperature.

e % Increase = 0.0007(%) 0.0912(T) + 1.5440 with T ifC
e +o=1+(0.0200(T) - 0.4000)

The data variation is similar in contour to A572 reported by Bruneau et al. but cowdlict

the linear variation of CSA G30.16 suggested by Filiatrault and Holleran. In addigon, t
magnitude to which the ultimate strength of A706 is affected by all tefypes examined is
less than that observed for CSA G30.16, but more than that observed for A572. Lastly, the
ultimate strength increase experienced atF323(°C), or about 5%, is considerably less

than that reported by Sloan but, similar to the yield strength, the scati@iaafollected is
considerably less than that found in his research. Note that the assumption mad&by NC
based on Sloan’s and Filiatrault and Holleran’s work is not reflected in thisatadgn

increase in the ultimate strength is apparent even before reachin@®32jF (
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Figure 3-5: Effects of Cold Temperature on the Ultimate Strengtlof A706 Mild Steel
Reinforcement Established from Monotonic Testing

The ultimate strairngs, was defined as the strain corresponding to the maximum stress
attained in each (see Figure 3-3). For all temperatures, the stdtterdata revealed no
considerable change to the ultimate strain as the temperature decreéhssedavierage value
of 0.1158 in./in. The constant ultimate strain observation is consistent with thosedé&yorte
the previous studies mentioned in this chapter. A graphical representation ofdltdardae

found in Appendix A.

3.6.2 Effects of Bar Size

The increases in yield and ultimate strength presented in the previoos sguatire the
effects of bar size by combining the #6 and #8 milled bars data. The test matiibedhcl
both of these bar sizes to look at the effects upon the previously mentioned parameters of
interest. As depicted in Figure 3-6 and Figure 3-7, both the yield and ultimeatgth seem
to be a function of bar size but there is insufficient data to fully support thisrabsar For

this reason, the information presented in Section 3.6.1 includes both bar sizes.

www.manaraa.com



44

8

7 o
L6
. 2
@ ° -
[} 7”7
3] 4 s /.
R ® 7
= //
D 3 -~
3 /
% 2 e _== S

1

0

20 10 0 -10 -20 -30 -40

Temperature (°C)
=—#8 Rebar ¢ #6 Rebar
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3.6.3 Effects of Strain Rate

From the testing performed, it was observed that varying the straiinaat®.003 to
0.3 in./in./min. caused no significant change in the modulus. This is apparent inpthieajra
representation of data as presented in Appendix A, where the scatter camtears/
horizontal linear line for a best fit trendline.

As depicted in Figure 3-8, increasing the strain rate from 0.003 to 0.3 in./in./m&edca
an increase of around 2 ksi (3%) in the yield strength of the milled #8 rebar spsciithe
scatter to this data set was minimal for each of the two temperatures, 30°Z)¥Fafd -4°F
(-20°C), and the best fit trendlines corresponding to the yield strength inofdhgedata set
were logarithmic functions, which are provided in the figure. The magnitfdbe strength
increases seem to be dependent on temperature which is shown by an increasedhgope of
best fit lines when comparing the two temperatures. This is consistent wiithdings of
Filiatrault and Holleran. Because samples were tested at only two tgorpsr further

testing would be required to quantify this observation.

y = -0.467In(x) - 74.620

F— y = -0.456In(x) - 73.949

Yield Strength (ksi)
4
o

0.003 0.03 0.3
Strain Rate (in./in./min.)
B -1DegC ® -20DegC

Figure 3-8: Effects of Strain Rate on the Yield Strength of A706 Mild Std at Cold
Temperatures
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The effects of strain rate upon the yield plateau length were examinedicelieand
are expressed in Figure 3-9. Under the strain rate and temperatureoosnaigintioned
previously, the yield plateau length dissipated an average 0.0084 in./in. (34. T8 sa8ain
rate was increased from 0.003 to 0.3 in./in./min. (see Figure 3-9). The swathes portion
of the study was heightened because of this dissipation. At the highest strain0.&t
in./in/.min., it was necessary to defifigas the minimum stress after the elastic portion of
the curve was stabled because yield plateau length had completely dissipataghigagr
representation of this effect is illustrated in Figure 3-10 for clatific where a best fit

logarithmic trendline has been added.
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Figure 3-9: Effects of Strain Rate on the Yield Plateau Length of A706 Mildt8el at
Cold Temperatures
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Figure 3-10: Dissipation of Yield Plateau Length Due to Strain Rate of a Mid

#8 A706 Mild Steel Bar at -2F (-2C°C)

As depicted in Figure 3-11, increasing the strain rate from 0.003 to 0.3 in./in./min.

caused an increase of around 2 ksi (1.67%) in the yield strength of the milled #8 rebar

specimens. The scatter to this data set was minimal for each of the two terepe0.2°F
(-1°C) and -4°F (-20°C), and the best fit trendlines corresponding to the ultineatgtistr

increase of this data set were logarithmic functions, which are providee figtire. The

magnitudes of the strength increases, similar to the yield strengtintcé&e dependent on

temperature which is shown by an increased slope of the best fit lines wheningrtipar

two temperatures. Again, this is consistent with the findings of Filiamad Holleran and

because samples were tested at only two temperatures, further testldgre/required to

guantify this observation.
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Figure 3-11: Effects of Strain Rate on the Ultimate Strength of A706 Milcbteel at Cold
Temperatures

Similar to the elastic modulus, it was observed that that varying the sitaicaused no
significant change in the ultimate strain rate. This is apparent indphigal representation
of data as presented in Appendix A, where the scatter contains a nearly horimeatdlrie

for a best fit trendline.

3.6.4 Summary of Previous Research Comparison

Figure 3-13 illustrates an accumulation of the experimental incref$e€¥6 mild steel
reinforcement and the previous research mentioned in this report excluding work done by
Sloan as no trend could be established from his data. As stated previously, thenvariati
both the yield strength and ultimate strength of A706 mild steel vary quadisatvhich is
dissimilar to the information presented by Filiatrault and HolleranatFalult and Holleran,
2001a and 2001b). The magnitudes of temperature increases are generally lower tha
previous research with the impact on ultimate strength greater thdrstyghgth, opposite to

the trends reported in previous research. Note that the impact of temperature on A706 for
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this report is considerably lower than the average 8% for yield and 12% foatgtirom

Sloan’s research and the divergence from the NSCU assumption. As Figure 3uEdalius

the material behavior of A706 mild steel reinforcement is different than thatssiats

previously studied.
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3.7 Modeling

Temperature (°C)

Figure 3-13: Comparison of A706 Temperature Effects to A572, CSA G30.16, and the

In order to completely model the stress-strain curve of A706 accurately, aoraaldit

arbitrary point along the strain hardening curfiggf), is needed. A strain of 0.03 in./in.

was examined for this study. From the stress-strain parameters edsabsse, an

estimation of the increase in strength for 0.03 in./in. strain was made froinetigya

defined yield and ultimate strength increases. Using the mild steelahatedel presented

by Dodd and Restrepo-Posada (1995) that defines the elastic, perfectty pltagstrain
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hardening behavior of the stress-strain curve similar to Figure 3-3, theifuil equation

was established:

e % Increasgosinin= (% Increasg.q + % Increasg) / 3 with T in°C

This equation reflects the best fit of other possible linear combinations yietlend
ultimate strength increases. This was chosen over analyzing anothehstneregise graph
at 0.03 in./in. for simplicity during design and deemed acceptable for A706 mild stee

reinforcement.

3.8 Recommendations and Conclusions

This chapter has presented an investigation on the effects of cold tempdratsize,
and strain rate on the behavioral changes of ASTM A706 Grade 60 mild steelcesiméot
for the purposes of designing structures that undergo seasonal freezing. Thadollowi
section provides recommendations and conclusions for A706 mild steel as a resultdrom thi
study.

e The material behavior is altered even before reachirff--@2C). This is
complementary to previous research on other materials but dissimilar to the
assumption made by NCSU for the material.

e There is a discrepancy between the cross-sectional area of the aofoedirg
bar and the ASTM nominal. The bars are, on average, 2.3 percent smaller 4.3
percent smaller than that reported by ASTM for a #6 bar and a #8 bar,
respectively.

e The modulus of elasticity is insignificantly affected by temperature @aih s
rate. Itis therefore recommended that the modulus be assumed constant with a
value, adjusted for the ASTM nominal bar areas, of 29,864 ksi (205,905 MPa) for
all temperatures and strain rates.

e Anincrease in the yield and ultimate strengths of 5.1 and 6.3 percent were
experienced, respectively, when lowering the temperature fré@ 20-40C.

These increases varied quadratically instead of linearly as seddpsFiliatrault
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and Holleran. The recommended equations used for the definition of these
increases coincide with those defined in Section 3.6.1. If a linear reprasentat
of these increases is desired, the following equations are acceptalderméte
temperatures of 688 (2°C) and -&F (-2C°C):

0 % Yield Increase =-0.063(T) + 1.260 with T°@

0 % Ultimate Increase = -0.088(T) + 1.760 with @
The magnitude of temperature increases for the yield and ultimate Btoéngt
A706 mild steel are generally lower than previous research on other materials
particularly the average 8% increase in yield strength and 12%agecie
ultimate strength at 3C observed in Sloan’s research.

The impact of temperature on the ultimate strength with an overall inata%e

is greater than that on the yield strength, 1.67%, and is opposite to previous
research conducted on other materials.

Although a complete conclusion on the effects of bar size cannot be made, it is
apparent that bar size does affect the magnitudes at which the increase in yie
and ultimate strength occur along with the stress-strain curve. This should be
fully researched for validation.

The yield plateau generally dissipates as the strain rate increasesnapletely
disappears upon reaching a strain rate of 0.3 in./in./min. A total dissipation of
0.0084 in/in (34.7%) is experienced in the yield plateau length when varying the
strain rate from 0.003 in./in./min. to 0.3 in./in./min. This dissipation seems to be
dependent upon temperature but should be researched fully for validation.

For modeling purposes, an additional point along the strain hardening curve is
desirable. The recommended equation for the increases of this point, 0.03 in./in.,

corresponds to that defined in Section 0.
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Chapter 4: VSAT — AN ANALYTICAL PROGRAM

4.1 Introduction
4.1.1 Background

A Versatile Section Analysis Tool (VSAT) was created to aid in stratdesign of
concrete columns, foundation shafts, and piles. The intention of VSAT was to create an
analysis tool capable of providing moment-curvature responses of common sedtions wi
advanced features. The amount of hand calculations required from the user is rdimmize
VSAT while complimenting it with visual aids during the section analysis. Tsmzes
errors during section and material definitions that could otherwise lead $tropkac
repercussions. This chapter describes the internal processes of VSAIFE Weeoretical

chapter.

4.1.2 Capabilities

In order to effectively capture the moment-curvature response of typidainsegsed in
design, VSAT was constructed with many different features. These featahede: 1)
permitting different cross-sections; 2) allowing both normal strengtlulradhigh
performance concrete (UHPC) material behavior; 3) enabling milbastderestress
reinforcing steel; 4) allowing the confining effects of soil pressuradiding a steel shell
circular section; and 6) accounting for low temperature effects on conoregtes|
behavior. After allowing for the selection of appropriate features, VSATdedihe the
moment-curvature response of the chosen section.

The geometry of the cross-section is a major contributor to the moment-curvature
response; therefore, different sections must be defined. VSAT accommodateséoemtdif
types of section: circular, rectangular, octagonal and H-shaped. Thesesseah be
subjected to a compressive or tensile external axial load and presteessdioring the entire
analysis. Sections may be hollow or solid to model the sections commonly used in design
practice. After defining the geometry, zones are created within VSAThagdite assigned

to a specific stress-strain behavior.
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Normal strength concrete and UHPC models exist in VSAT to allow a uaectoately
define the behavior of concrete with a limited number of variables. Both maxtansile
and compressive strengths are modeled in VSAT to allow for a more accuratedeyi
how concrete strength contributes to the section’s performance in tertsderapressive
axial load states.

In addition to the concrete models, mild steel and prestressing steel thatdaes us
longitudinal reinforcing bars are defined with standard ASTM diametersraas. aThis
lessens the input required by the user during the analysis definition stage.eflhmays
however, opt to enter other values for bar longitudinal reinforcement sizedl @s whe
reinforcement’s effectiveness to confine concrete as deemed ngcessar

Soil behavior and/or an exterior steel shell alter(s) the section’s parfoeruring
loading. VSAT models these effects as a secondary confining pressuraentinagall
concrete within the section and inhibits the section from spalling cover codcnethg
loading.

Low temperatures alter material behavior and are thus included in VSAT. Theaise
enter both an analysis temperature and a temperature at which the rpeipadies are
known to eliminate further experimentation that would otherwise be requireddordador
the effects of a temperature difference. By defining each testieyiad temperature
separately, the user need not conduct testing of each material at thersg@@ture to use
in VSAT. These changes in behavior can greatly affect the sectiontsrparfce depending

on the range over which the temperature is changed.

4.1.3 Disclaimer

VSAT is in its beta version and this current version is intended strictly for éuhaat
purposes only until it has been fully developed and checked for errors. It mayriemet
yet be utilized for commercial applications. Any information determinedSAT must be
evaluated and deemed “accurate” by the user before being used in design. Thefauthor
VSAT assumes no responsibility for the output provided by the program and/ooahgnps
or failures that may arise from analysis results. If a problemsadiseng the usage of VSAT

or more knowledge is required, contact those currently supporting the program.
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4.2 Theoretical Procedures

4.2.1 Introduction
4.2.1.10verview

The theoretical section was created to aid in understanding of the inner-vgawking
VSAT. Various topics in this chapter include: 1) stress-strain behavior of cenwriét
steel, and prestressing steel; 2) the effects of soil and/or an exterishsieéen concrete
behavior; 3) the effects of low temperatures on material behavior; and 4jcalaly
procedures to determine the section’s moment-curvature response. These topics are
separately presented below to portray all possible combinations that \éApable of

handling during an analysis.

4.2.1.2Sign Convention
The following sign conventions are used in this chapter and in VSAT:
e Compression forces are positive.

e Tension forces are negative.

4.2.2 Section Details

The first step in conducting an analysis with VSAT is to define the sectiotsdetai
These details include: 1) section shape; 2) longitudinal and transverse esiré¢atc
guantities; and 3) external actions.

The section’s shape is defined by the gross section geometry. VSAT suppalés c
sections, with or without an exterior steel shell; rectangular sectialagjomal sections; and
H-shaped sections (see Figure 4-1). Upon choosing a geometric shape, ap foathe
section to be hollow instead of solid. Note that the H-shaped section is required to be only a
solid section.

The transverse reinforcement style refers to the confining reinforcementdide ties,
hoops, or a spiral as shown in Figure 4-4. The addition of this steel provides a confining
pressuref;’, which creates a confined (core) concrete region. This region has an idcrease

strength and a different stress-strain behavior than the unconfined congie#ytyresent
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in the cover. A circular transverse reinforcement style may be choseathéraecircular,
rectangular, or octagonal section, while a rectangular transversarceiment may only be
chosen for rectangular sections. If the section is hollow, the transearkgecement style
must follow that of the hole within the section (i.e., a section with a circular holehanesia
circular transverse reinforcement). The H-shaped section does not accdraridverse
reinforcement as this was developed for a special application, which isdi@ieection
4.2.3.6.

External actions may include an applied axial load, an applied soil presuire, a
temperature effects. To maintain equilibrium during an analysis, the appiktbad must
always be balanced by the equivalent internal forces developed in the hsatig@san that
section. These strips are a segmentation process necessary to condubydise &hech are
further discussed in Section 4.2.9.1. The soil pressure and temperatures are usdti¢o alter
material behavior used in the analysis. To determine the extent to which éramat
properties are altered, both the temperature at which data is availalble foaterial and the

analysis temperature are required.
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Figure 4-1: Section Shapes Currently Available in VSAT

4.2.3 Concrete Properties
The following sections will present information for two different concnetelels

available in VSAT: normal strength concrete and UHPC. The necessamyation for
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defining the confined, unconfined, tensile and ultimate compressive strength of normal

strength concrete will presented, followed by the behavior of UHPC.

4.2.3.1Normal Strength Confined Concrete

Normal strength confined core concrete exhibits an increase in compr&ssigth and
compressive strain capacity due to the confining pressure that may be provtted b
addition of transverse reinforcement, steel shell, or external pressheesection. An
analytical model proposed by Mander et al. (1988b) was the first model chosénediuz
confined behavior of normal concrete. As provided below, this model calculates the
confined-compressive stress in concritdpr a given concrete strain between 0 and
whereg, is the ultimate strain capacity of confined concrete (see Figure 4-3ho%s by
the figure, it is advantageous to use this model because the entire curve can Hendléfine

one equation:

fo= Eq. (4.1)
fi' = kefi = 0.5kepsfyn Eq. (4.2)
E, = 57,000,/f", Eq. (4.3)
fle=f! (2.254 1+ A 1.254) Eq. (4.4)
=g fee _
el =el, {R (fc, 1) + 1} Eq. (4.5)
R =5 (a recommended average) Eq. (4.6)
Esec = ?CZ Eq. (4.7)
Ec
n= e Eq. (4.8)
x= 7 Eq. (4.9)

géc
where f; = Lateral confining pressure
k. = Concrete confinement effective coefficient

&0 = Concrete compressive strain correspondingto
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As recommended by Mander et al. (1988b), VSAT’s default strain at which thenoraxi
unconfined concrete stress is reaclgl,is 0.002, but this may be altered by the user to
account for the increase i, as the unconfined concrete cylinder strenfjthincreases.

To determine the effective lateral confining pressfitethe effectiveness of the section,
ke, is required. As presented by Figure 4-3 and Figure 4-4, the valuis ah indication of
how well the longitudinal and transverse reinforcement confines the core cordogiee in
Figure 4-3 the degree at which the unconfined concrete penetrates intcetberumete
region. The determination &f for circular and rectangular cross sections was provided by
King et al. (1986) and was extended by the author to include octagonal sectias, whi
contain a core identical to that of a circular section, in VSAT. VSAT furtisénctedk. to
lie between 0 and 1.0 to simulate zero or full-section effectiveness, rgspect value of
less than zero would indicate that the section has less strength than unconfined eodcaet
value greater than one would indicate that more than the full section is effectivef
these values, thus, have no physical meaning. The effective confinemeniatekficfor
circular core sections (includes octagonal section) may be found from theirfigilow

equations as presented by Mander et al. (1988b):

= for circular hoops Eq. (4.10)

1-py
k., = 11__0'[)55[? for spirals Eq. (4.11)
ps = ?Th Eq. (4.12)
Pec = 73> Eq. (4.13)

where s = Centerline to centerline spacing between transverse
reinforcement
s’ = Clear spacing between transverse reinforcement
d, = Diameter of circular core concrete measured from the
centerline to centerline of transverse reinforcement

Ag, = Area of transverse mild steel reinforcement
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The effective confinement coefficierit, for rectangular core sections may be found

from the following equations as presented by Mander et al. (1988b) and Kin@¢l&S4):

_ Wparsw'y?) (1055, )(1-057)
ke - {1 - 6bcdc }{ 1-p; Eq (414)
ASX AS
Ps = Px tpy = beds bcdis Eqg. (4.15)
As
pCC = bch Eq (416)

where Npgs =

number of longitudinal bars

W' = average clear distance between longitudinal bars

A; = Total area of longitudinal mild steel reinforcement

b. = Width of rectangular core concrete measured from
centerline to centerline of transverse
reinforcement

d. = Depth of rectangular core concrete measured from
centerline to centerline of transverse
reinforcement

A, = Area of longitudinal mild steel parallel to the axis
of bending

Ag, = Area of longitudinal mild steel perpendicular to

As shown in Eqgs.

the axis of bending

4.14 through 4.16, the determinatidq foir rectangular sections has

the potential to be problematic. For example, if a rectangular sectiorioN®aee more

reinforcement in one direction or unevenly spaced longitudinal bars, an errortéteee

section’s true effectiveness and the theoretical effectiveness would €zistzercome this

issue, VSAT makes the following assumptions for all sections as applicable:

1. transverse reinforcement is evenly spaced and longitudinal
reinforcement is evenly spaced per direction (i.e., parallel and

perpendicular to the axis of bending);
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2. prestressing bars are ignored in the calculaticke when mild
steel longitudinal reinforcement exi;

3. an average value ¢ is used for all sides of the section; and

4. an average value (s is used.

Assumption 1 allowsn analysis to be conducted when the final placéwie
reinforcement is unknown and also lessens the irgmutired from the user. Assumpticis
justified by realizing that mild stereinforcement usualligjas a considerably larger a than
that of prestressing steel. Finally, assumptioaa®- eliminatethe chance of calculating
value that is miepresentative of the section. If the user wighdsypass thes
assumptionghe user may opt to use their own means of calag and ente an

appropriate value directinto VSAT.

_ Confined Concrete

/

Stress (Pressure)

/ Unconfined Concrete

€co & 2 co € spall €y

€cc Strain (Length/Length)

Figure 4-2 Concrete Compressive Stre«-Strain Model as Proposed by Mander et al
(1988b)
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Figure 4-4. Cross-Sectional Views along the Member Length ShowingdlEffective
Cores that are Confined by Transverse Reinforcement
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4.2.3.2Normal Strength Unconfined Concrete

Unconfined concrete, usually present in the cover region of a concrete section, wil
follow the stress-strain curve in Figure 4-2. This curve is defined by the preaescribed
in Section 4.2.3.1 with the confining stregS, equal to zero. Eqgs. 4.4, 4.5, 4.7 and 4.9 are

thus reduced to:

fee =1 Eq. (4.17)
Eee = Eto Eq. (4.18)
Eope = Ef— Eq. (4.19)
x = - Eq. (4.20)

In VSAT, these equations are applicable to unconfined concrete until the strain has

reached &;,, upon which the curve becomes linear until reaching the spalling strain,

The linear portion of the stress-strain curve is determined by using tleebsatypeen 1,

and 2/, until the stress reaches zero. Any part of the unconfined concrete exceeding the
spalling strain will sustain zero stress and, therefore, no longer coesritouthe moment
resistance of the section. The numerical representation of the resuiggysrain curve can
be expressed by Egs. 4.21 to 4.23.

f. = riixr fore, < 2el, Eq. (4.21)
fZS'CO _f1.7s'w ' '
fe = faey + Sarmryar (6 = 2800)  for2ei, S e >éegpan EQ. (4.22)

fe=0 fore. > espan Eq. (4.23)

If desired by the user, the valueeyf,;; may be redefined in VSAT. Upon alterieg,,;,
the slope of Eq. 4.22 is redefined fromi.gto the chosen value ef,,;. The remaining

equations, Egs. 4.21 and 4.23, are unaltered.
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4.2.3.3Variable Confinement Model for Normal Concrete

Hose et al. (2001) investigated the effects of variable confining stress afiiats on
concrete strength. This is because the real confining steel stresswigin strain but the
model provided by Mander et al. assumes this confining stress to be constaaleat|to
the yield strength of the material. This assumption overestimated antubecnfining
pressure over a certain strain range and underestimated the confiningepogssa
different strain range. Because Mander et al. assumed that the trassyersealways at a
constant stress, the actual strength of concrete at the beginning oésisessitain curve was
slightly overestimated.

When concrete is loaded axially the concrete expands or dilates. This diéatibe c
expressed in terms of a hoop strain. From this hoop strain #'revadf. can be calculated.
The following equations adjust for this error while all other equations pezsbgtMander et
al. (i.e., Egs. 4.1 and 4.3 through 4.16) remain the same (See Figure 4-5 and Bigure 4-

Aey = Aeq * Ug Eq. (4.24)
He = Hen + He Eq. (4.25)
_y
Hen = 2 o Eqg. (4.26)
Y = <1 . ) Eq. (4.27)
next+J
Sd,new = &4 + Aed Eq (428)
f't = kefy = 0.5k, psop, Eq. (4.29)
Wherede; = Change in dilation strain of the transverse hoop
reinforcement

Ag; = Concrete strain step change

u. = Elastic portion of tangent Poisson’s ratio

o' = Difference between unconfined and confined

beginning stress
n,J = Constants to accurately model hoop strain

gg = Beginning transverse dilation strain
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o, = Transverse hoop stressepf,.,

To begin the process of developing the stress-strain curve, a strain atgpsdbaken to
the first strain value of;. Next, the total tangent Poisson’s ratig ,needs to be determined
that relates the strain in concrete to the dilation strain in the reinforcamig comprised
of an elastic and non-elastic portion. The elastic tangent Poisson’ggaias
recommended to be 0.2 by Hose et al. (2001) and necessary to include until the unconfined
compressive strength of concrete is reached. To calculate the nontelasfig,, the
difference between the confined and unconfined stvég§ee Figure 4-5); the confining
pressuref; ; and the), term must be found for the previous concrete strain. The valyes of
andJ, constants in thg term, need to be altered to correctly depict the last portion of the
concrete stress-strain curve.andJ values of 20 and 1/3, respectively, were recommended
and used by Hose et al. (2001). Upon determining the change in dilation&tgaithe new
transverse hoop straigy new Can be generated along with the corresponding new hoop stress,
oh. The remaining equations in the model presented by Mander et al. (1988b) may then be
used.

Figure 4-6 depicts the unconfined concrete curve along with the variatioveebethe
curve presented by Mander et al. (1988b) and Hose et al. (2001). VSAT uses a modified
version of changes proposed by Hose et al. to generate the third confined cursdiguarthi
In their work, it was assumed that the horizontal stress-strain materiaidrelas elastic
until reaching yield and then perfectly plastic. This was extended in VSAitltale the
strain hardening effects of A706 mild steel reinforcement. Because tbe ctitbe
transverse reinforcement is directly calculated from the dilatramsit’s logical to include
the effects of strain hardening of the steel to better reflect the costrets-strain behavior
(See Figure 4-6).
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Stress (Pressure)

Strain (Length/Length)

=== Unconfined Hose et al. Confined

Figure 4-5: Incremental Step for Determining the Stress-Strain Beavior of Concrete
by Hose et al. (2001)

@ //
>
2 —f~
9 .
i / \
= :
1V
& \
.\
.\

Strain (Length/Length)
Mander et al.= == Hose et al.— = VSAT

= + =Unconfined

Figure 4-6: Comparison of Concrete Model Proposed by Mander et al. and Het al.

www.manharaa.com



66

4.2.3.4Tensile Strength of Normal Strength Concrete

Three different methods of defining the concrete tensile strength areaveitible in
VSAT: by specifying strain, by limiting stress, and by defingngero tension capacity. To
define the tensile strength by strain, the user may enter the maximula sémasin of
concrete. To define by stress, VSAT requires the user to enter theXvialisethe following

equation withf,' in psi units:

fi = XJf¢ Eq. (4.30)
where X = A value greater than 0 that accurately reflects the

behavior of the material

It is recommended by the American Concrete Institute (ACI) that a valgengafrom 6.0 to
12.0 be used faoX for normal weight concrete (ACI 318, 2008). The valua of calculated
from f{ linearly by dividing by the elastic modulus of concrete. The final option is to
assume a zero tension capacity by selecting the appropriate option in VSATdI&egaf
the method used, the concrete in tension will contribute a tensile stress,fensilend
flexural moment until reaching its tensile capacity, upon which the concrétack and

no longer contribute to the section for the remainder of the analysis.

4.2.3.5Normal Strength Maximum Concrete Strain
The maximum strain of concrete is a function of the confinement pressure Wwéhin t
section and the confined concrete strength used. VSAT determines a dafdoitim

concrete strain by means of Eq. 4.31 as presented by Paulay and Priestley (1992)

£, = 0.004 + 1.4"“1{# Eq. (4.31)

cc

Yield strength of longitudinal mild steel

where f,,

reinforcement

Steel strain corresponding to the ultimate strength

of longitudinal mild steel reinforcement
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Since the preceding equation yields a conservative number, VSAT allows the uger t e
value ofe., that coincides with the actual maximum concrete strain in the section to be

analyzed.

4.2.3.6Ultra-High Performance Concrete

Ultra-High Performance Concrete (UHPC) is available in VSAT but negthe effects
of confinement as literature is limited on this topic. The following equatisnmesented by
Vande Voort et al. (2008), define the stress-strain behavior of UHPC in VS&TH§are
4-7 for details):

For UHPC in tension:
Fore; < f'te/E.
fc,ten =E. *x & Eq- (4-32)
For f'i./E. < & < 0.0014

(f,t,max - f’te)(‘gf - f,te/EC)

feten = flre + YYIEE Eq. (4.33)
For0.0014 < & < 0.0024

feten = ' pmax Eq. (4.34)
Fore, > 0.0024

feten = [ pax — 0:672 % In(er) — 4.062 Eq. (4.35)

For UHPC in compression:
Fore. < 0.85f'./E,

fe =E.*¢g, Eq. (4.36)
For 0.85f./E, < €. < 0.004
f. = 0.85f", Eq. (4.37)
For0.004 < &, < 0.007
, ¢ —0.004
f. =085f" (1-= —) Eq. (4.38)
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0.85*f'c

.

Stress (ksi)

-0.0024 -0.0014 0.85%'te/Ec
' ' 0.85f'c/Ec 0.004 0.007

T Strain (in./in.)
f't,max f'te

Figure 4-7: Stress-Strain Model Used for UHPC in VSAT

4.2.4 Mild Steel Reinforcement Properties
The stress-strain behavior of longitudinal mild steel reinforcement is celed@g an

analysis in order to accurately balance the applied loads and correcthgidetthe moment
capacity of the section. Strain hardening is included in VSAT to more adgutepéct the
location of the neutral axis and thus the strains, stresses, and moment capheigeofibn
at any given curvature. The following sections will present information onttesssstrain
models available in VSAT: a “simplified model” and a “sophisticated model’sh&svn in
Figure 4-8, the two models may not correspond with one another. Consequently, it is
advantageous to use the sophisticated model whenever possible, but it requires more

information as detailed below.
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Figure 4-8: Stress-Strain Behavior of A706 Mild Steel Reinforcement

4.2.4.1Simplified Model

The simplified model requires three sets of data points: the yield pgif),(the point
at which the strain hardening region initiates, (fs;), and the ultimate poink{, fs). These
points allow the solid curve in Figure 4-8 to be produced in VSAT using the following
equations as presented by King et al. (1986):

fs = Egé&s fore; < ¢, Eq. (4.39)

=1t fore, < e, < e, EQ. (4.40)
_ m(es—&sp)+2 (es—&sn)(60—m)

fi = fy |G S for e, < &, < &g EQ. (4.41)

fsu 2
L5 (307 +1)2-6075—1
where m = &)

Eq. (4.42)

1572

s = (Esu - Esh) Eq. (4-43)
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A default yield strength of 67.43 ksi is provided, as recommended from the testing
conducted for this thesis, in VSAT but may be altered by the user. Changingulkeis val
causes the remaining parameters (i.e., yield strain, strain hardemingatd ultimate
strength) to be recalculated as described in Table 4-1. Any of these valualsonlag
changed, if desired by the user, and any remaining parameters will loellegted
accordingly. The stress-strain curve is developed utilizing the sietpifrain hardening

region specified by the above equations.

Table 4-1: Default VSAT Steel Properties

Yield Stress, {ksi) As Input
Young’'s Modulus EKksi) 29,000
Yield Strairs (in./in.) f/Es
Strain Hardening straigy, (in./in.) 3.24,
Ultimate Strength,f(ksi) 1.5§
Ultimate Straims, (in./in.) 0.12

4.2.4.2Sophisticated Model

The sophisticated model included in VSAT is based on that proposed by Dodd and
Restrepo-Posada (1995) and requires four sets of data points: the yielgpgintiie point
at which the strain hardening region initiates, (fs), an arbitrary point along the strain
hardening curved,, f.), and the ultimate poinkg, fs)). These points allow the dashed curve
shown in Figure 4-8 to be produced using the following equations as presented by Dodd and
Restrepo-Posada (1995):

fs = Esé&s fore; <, Eq. (4.44)
fs=1ty fore, <e; < &5  EQ. (4.45)
— 14
fi = fou+ (Fy = fou) (E‘Z‘_; ) for eg, < &5 < £ EQ. (4.46)
log fsu:fx
where p = M Eq. (4.47)
log(%)
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4.2.4.3Bar Sizes

VSAT uses Table 4-2 to specify the ASTM nominal diameters and areakicftes!
reinforcement bars as presented in the ACI Building Code (ACI 318, 2008). If desired, the
user may define a bar diameter to represent the use of different bar sizestiomand

VSAT will calculate the corresponding area assuming a circulas sexgion for the bar.

Table 4-2: ASTM Standard Bar Information

Bar Size Nominal Nominal
Diameter (in.)| Area (in.2)
#3 0.375 0.11
#4 0.500 0.20
#5 0.625 0.31
#6 0.750 0.44
#7 0.875 0.60
#8 1.000 0.79
#9 1.128 1.00
#10 1.270 1.27
#11 1.410 1.56
#14 1.693 2.25
#18 2.257 4.00
Dgﬁsneé 4 | Asinput(D)| D4

where D = Diameter of the reinforcing bar

4.2.5 Prestressing Steel Properties

The following sections present information on two prestressing steel models
incorporated into VSAT, following the recommendations of Menegotto and Pinto (1973) and
Devalapura and Tadros (1992). Both models consist of two linear sections with a curved

transition to define the stress-strain curve.

www.manaraa.com



72

4.2.5.1Menegotto and Pinto Model
The Menegotto and Pinto model, as presented by Naaman (1985), is defined by Eq. 4.48

to characterize the stress-strain behavior of prestressing steethusmgoefficients: K, N,

and Q.
fo = Epéps|Q + L_] Eq. (4.48)
Epeps\VIN
e
where Q = % Eq. (4.49)
K = Coefficient determined as a fraction gf f
N = Coefficient determined by trial and error until the
prestressing steel equation equgj$ofr «,,
fpy = Yield strength of prestressing steel
gpy = Yield strain corresponding 19,
E, = Young's modulus of elasticity for prestressing steel
fpu = Ultimate tensile strength of prestressing steel
gpy = Ultimate strain corresponding £g,

ps

Prestressing steel strain

The value o, can be determined from the slope of the first linear portion of the curve as

shown in Figure 4-9. The coefficient K can be defined by the intersection afdteds

linear portion of the curve, rotated by an angleaoTl(QEp), and the,-axis. The value Q

may be determined from Eq. 4.49. Finally, N is determined using trial asrcLieti fyy is

calculated for the strais),,,. Changing the value of N adjusts the length of the curved

transition and thus adjusts thgvalue. For example, lowerirfg, will increase the curved

transition.
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T

Kfoy [0 tan1(0E,)

»
»
&

Figure 4-9: Menegotto and Pinto Model for Defining the Stress-StrailCurve of
Prestressing Steel

In addition, Naaman (1985) provides recommended coefficients that may be u$ed for t
actual stress-strain behavior of specific prestressing steelfirte their stress-strain
behavior as per the Menegotto and Pinto model (see Table 4-3). VSAT provides these
coefficients through an option menu as described in Section B.10 of the user manual and
provides an option for the user to manually define approximate values for the eatsfi€)
N, and Q.

Table 4-3: Coefficients Recommended for Defining the Stresgr&in Behavior of
Prestressing Steel by Naaman (1985)

Steel Type | E(ksi) | foy (ksi) | fou (kSD) | &pu K N Q

270 ksi strand | 27890  243.5 274  0.069 1.0618 7.344 0.01174
235 ksi wire | 29300| 222.4| 244 0.087 1.0325 6.060 0.0p625
160 ksibar | 28790 141.8 160  0.041 1.0041 7.100 0.d1750

4.2.5.2Devalapura and Tadros Model

The prestressing steel model, as presented by Devalapura and Tadrosigk#ied

by Eq. 4.50 and using four coefficients: A, B, C and D.
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fo = eps |[A+———| < fou Eq. (4.50)
[1+(Ceps) ]
where 4 = [Ef’;uff] Eq. (4.51)
B = (E,s— A) Eq. (4.52)
C = il Eq. (4.53)
D = Coefficient determined by trial and error until the

prestressing steel equation equgj$or «,,

The stress at the intersection of the two linear

fso

portions of the prestressing steel curve

As before, the value &, can be determined from the slope of the first linear portion of the
curve (See Figure 4-10), in whi€fy is the stress defined by the intersection of the two linear
portions of the curve. The coefficient D is determined by trial and errorfynigs on the
curve using a yield strain of 0.01 in./in. Changing the value of D adjusts the length of the
curved transition and thus adjusts thevalue. For example, lowerirfg, will increase the
curved transition.

In addition, the Devalapura and Tadros provided recommended coefficients that may be
used for specific prestressing steels in conjunction with Eqg. 4.50 and to meet tkle AST
specifications (see Table 4-4). VSAT provides these coefficients throughiam menu as
described in Section B.10 of the user manual and provides an option for the user tdymanual

define approximate values for the coefficients A, B, C, and D.
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" foy tan~(4)
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Figure 4-10: Devalapura and Tadros Model for Defining the Stress-Strain @ve of
Prestressing Steel

Table 4-4: Coefficients Recommended for Defining the Stressf&in Behavior of
Prestressing Steel by Devalapura and Tadros (1992)

Steel Type AT A B C D
**
270 ksi strand 0.90 887 27613 1124  7.36p
0.85 756 27244 11783  6.598
250 ksi strand 0.90 384 27616 119y  6.430
0.85 689 17311 126.y  5.305
250 Ksi wire 0.90 435 28565 125.1 6.351
0.85 734 28266 1325  5.256
oo 0.90 403 28597 133.1  5.443
235 Kksi wire
0.85 682 28318 1410 4.612
] D g

150 ksi bar 0.85 467 28538 2252 4991
0.80 629 28371 239.8 4.224

* ASTM minimum specification
** Proposed curve by Devalapura and Tadras: 28,500 ksi, otherwisesE 29,000 ksi for

strands and wires and & 28,000 ksi for bars

www.manaraa.com



76

4.2.5.3Prestressing Steel Properties

Due to most prestressing steel reinforcement lacking a regularsacissnal shape and
area, VSAT requires that the user to choose between various prestresssingjisforcement
types as provided by the PCI Design Handbook as detailed in Table 4-5 and-6aBi€l,

2004).

Table 4-5: Strand Prestressing Steel Properties

Nominal
Prestressing Type Diameter Area
(in.) (if)

Seven-Wire Strandpf= 270 ksi 3/8 0.085
7116 0.115
1/2 0.153
1/2 special* 0.167
9/16 0.192
0.600 0.217

Seven-Wire Strandpf= 250 ksi 1/4 0.036
5/16 0.058
3/8 0.080
7/16 0.108
1/2 0.144
0.600 0.216

Four-Wire Strand,pf,= 250 ksi 7/16 0.106

Three-Wire Strand,f= 250 ksi 1/4 0.036
5/16 0.058
3/8 0.075
7/16 0.106

*The ¥ in special has a larger actual diameter thard% in regular strand. This is

taken intoaccount in VSAT.
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Table 4-6: Wire and Bar Prestressing Steel Properties

Nominal
Prestressing Type Diameter Area
(in.) (IA)
Prestressing Wirepf= 279 ksi 0.105 0.0087
fu = 273 ksi 0.120 0.0114
du = 268 ksi 0.135 0.0143
du = 263 ksi 0.148 0.0173
du = 259 ksi 0.162 0.0206
fu = 255 ksi 0.177 0.0246
du = 250 ksi 0.192 0.0289
du= 250 ksi 0.196 0.0302
du = 240 ksi 0.250 0.0491
du = 235 ksi 0.176 0.0598
Bars,f,= 145 ksi 3/4 0.442
718 0.601
1 0.785
11/8 0.994
11/4 1.227
13/8 1.485
Bars, f;= 160 ksi 3/4 0.442
718 0.601
1 0.785
11/8 0.994
11/4 1.227
13/8 1.485
Deformed Barsf = 157 ksi 5/8 0.28
fu = 150 ksi 1 0.85
fu =160 ksi 1 0.85
fu = 150 ksi 11/4 1.25
fu =160 ksi 11/4 1.25
fu = 150 Ksi 13/8 1.58
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4.2.6 Soil Effects

The following section provides the necessary information to alter the confinedteoncre
curves provided in Section 4.2.3 to accommodate the effects of soil confining eressur
Effects on both cover and core concrete are examined.

If a column is extended beneath the ground level as a foundation shaft and exposed to a
lateral displacement, the soil will exert a confining pressure upon the essigr side of the
shaft. This can be translated into an additional confining pregswe, that is applied as an
effective soil confining pressurg,,,;. The calculation of; 5,;; is currently being defined
by a confining pressure and an effectiveness coeffidient; Using the aforementioned
guidelines in conjunction with the equations presented in Section 4.2.3, a soil-confined

model can be defined that takes into consideration the modifications presented below.

4.2.6.1Confined Core Concrete

The presence of soil pressure provides a secondary confinement to the cmutiete
below ground as shown in Figure 4-11; this requires another equation for the catcofati
f; for the core concrete. Consequently, Eq. 4.2 for confined concrete is repldcéuewit
following equation the for soil-confined core concrete section. The secondairyeroant is
an estimate of the actual soil pressure applied specifically to the coregein in

compression, which is where the stress-strain behavior of concretecte@ffethe analysis.

f,l,core = O-Skepsfyh + ke,soilfl,soil Eq- (4-54)

wherek, ¢,;= Soil effectiveness coefficient
The default soil effectiveness coefficiek},,;;, used by VSAT is 0.95 because it was

assumed this feature be used mainly for circular sections. This codffitag be altered by

the user as deemed necessary.
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Figure 4-11: Comparison between Expected and Assumed Soil Confiningd3sure
used in VSAT

4.2.6.2Confined Cover Concrete

The presence of soil pressure also provides confinement to the cover concrekes For
reason it is assumed in VSAT that the external soil confinement inhibits thagpélover
concrete. The cover concrete, which will no longer spall from the section upon getiaehin
spalling strain, will now continue to contribute to the axial and flexural eggiets. It was
assumed this confined concrete behavior with follow the equations presentedan 82c8

with the effective confining pressure of Eq. 4.2 replaced by:

f’l,cover = ke,soilfl,soil Eq. (4.55)

The soil effectiveness coefficiert, ;,;;, used by VSAT may be altered by the user as

deemed necessary.

4.2.7 Steel Shell Effects

The following section provides the necessary information to alter the confinedteoncre
curves provided in Section 4.2.3 to accommodate the effects of an exterior steel shel
Effects on both cover and core concrete will be discussed. These assumptich®esteul

validated with experimental data before used in design.
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It is a common practice to encase the column with a steel outer shelbéiggeci
circular sections. In such cases, the shell provides an additional confiniagrergsne.
and is applied with an effective confining pressiffg,.;;, while also increasing andps of
the section. The contribution of the shell to longitudinal/transverse reinforcenamstumed
to be 50/50 for VSAT but may be altered by the user as deemed necessary. thlhequa
from Section 4.2.3 for confined concrete are applicable to a shell-confinezhseatept for
those mentioned in Sections 4.2.7.1 and 4.2.7.2. If both soil pressure and a steel shell exist,

the total confinement pressures may be taken as the sum of the two pressures.

4.2.7.1Confined Cover Concrete
The presence of a steel shell provides confinement to the “cover” concrekewilhizo
longer spall from the section. Instead, it will follow the confined concretevimelejuations

with the following alterations (see Figure 4-12):

_ 2Ashelltrans *fyh

fisheu = — 4s Eqg. (4.59)
Pucover = ST Asheisrons) Eq. (4.60)
Peccover = 2t 2stelons) Eq. (4.61)
Ashettiong = %(DZ - dtz)Xlong Eqg. (4.62)
Asnetttrans = Ashett — Asnelilong Eqg. (4.63)

where X,,,, = Percent of total steel shell area contributing to

flexural action

)
1

Gross section diameter

Q
o~
1

Diameter of concrete for a circular section with

a steel shell

www.manaraa.com



81

Cover Concrete

Steel Shell

Figure 4-12: Dimensions of a Circular Section with an Exterior Steel Shie

4.2.7.2Confined Core Concrete
The addition of a steel shell also provides a secondary confinement to the concrete

section; this requires the alteration of Eqgs. 4.2, 4.12 and 4.13 as follows (see Higure 4-

f,l,core = O-Skepsfyh + ke,shellfl,shell Eq. (4.56)
44

Ps,core = sdsh Eq. (4.57)
44

Pcc,core = 7ds? Eq. (4.58)

where kg spen = 1.0

The shell effectiveness of 1.0 was chosen because the section is surrounded byeskolid s
shell, implying full effectiveness. The effectiveness coefficientfor the core concrete
follows Egs. 4.10 and 4.11.

4.2.8 Temperature Effects

Colder temperatures change the behavior of the concrete, mild steel, preagse=el,
and soil. As a result, the moment-curvature response of a concrete seltsovahange.
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The following subsections explain the changes to material properties and modsisT
when temperatures fall from 20 to as low as -AC so that the moment-curvature analysis
can be performed at different temperatures. The temperature changes todtesals are

adjusted based upon the available temperature data and the desired analysasuiempe

4.2.8.1Concrete

The main component attributing to the change in behavior of concrete is the presence
and percentage of water. Abov) concrete experiences small changes in its behavior
because the water has not yet frozen. After the temperature of comopetdelow 8C, the
freezing water alters the Young’'s Modul&)( ultimate tensile strengttf(), ultimate
compressive strengtlfi), and Poisson’s Ratie) of concrete. The modifications to material
properties, taken into account by VSAT, are based upon the information provided by Lee et
al. (1988) and Van Der Veen and Reinhardt (1989).

The Young’s Modulus of concrete varies differently for high strength and normal
strength concrete. Both concrete types generally exhibit a Img@&ase in modulus as the
temperature decreases but to different magnitudes. VSAT is desigristtéesanormal
strength concrete, but both equations have been provided for further expansion of the

program and are as follows:

For high strength concrete:
t
Ec,cold = Ec(_

415.110
where t = temperature iAC

+ 1.049) Eq. (4.64)

For normal strength concrete:

¢
E =FE.(—
ccold ( 228.102

+1.088) Eq. (4.65)

In addition, the maximum compressive strength of concrete increases empleeature
falls below 0C. In 1982, Wiedemann’s experimentation showed that the incregsesin
greater in concrete with higher moisture content. He established thissiondrom the

observation thaf, is not affected by lowering temperatures until the water within the section
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begins to freeze (Van Der Veen and Reinhardt, 1989). This proves that the incigdse in
only affected by the increase in strength from the frozen water. VSAThes&slbwing
equations to describe the valuef’gffor various temperatures based on a linear trendline of
the equation presented by Rostasy presented in Figure 2-5 (Van Der Veen andiReinhar
1989).

flecoa =f'c for t>0°C Eq. (4.66)
fecoa =f'e = 17.72tw fort<@C Eq. (4.67)

where w = moisture content % (by weight)

Wiedemann also found that an increasg’ialso occurs upon lowering the temperature.
This increase, however, can still be captured using Eq. 4.3D Wth the recommended

value ofX being the same.

4.2.8.2Mild Steel Reinforcement

As previously stated in Chapter 3, Young’s Modulus and the ultimate tensile strain of
A706 mild steel reinforcing are unaffected by a temperature change ff@n@@as low as -
40°C. The yield strengtHy, increased quadratically by 5.1 percent and thus the yield strain,
&, increases by the same percentage. The ultimate streggticreased quadratically by
6.3 percent. In order to use the sophisticated model, another data point along the strain
hardening curve is needed. As discussed in Chapter 3, this value can be attainled from t
yield and ultimate increases at a strain of 0.03 in./in. The representation céalbthinese

strength increases due to temperature, as accounted in VSAT, is as follows:

%Increaser, = 0.0009(T)? — 0.0674(T) + 0.9880 Eq. (4.68)
%Increases, = 0.0007(T)* —0.0912(T) + 1.5440 Eq. (4.69)
%Increaseg oz injin = (%Increasefy + %Increasefsu) /3 Eq. (4.70)
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When creating sections with a mild steel reinforcement type other ttzale &0 and
still wishing to use the temperature effects of concrete, the procesBrong the material
properties needs to be altered. First, a new stress-strain model of the desareal for the
given temperature must be determined experimentally. Second, the dasipedature and
the analysis temperature should be set to the same value. Finally, set teeeconcr
temperature to room temperature, or the available temperature at whichldadan. This
process forces the user to enter their own steel properties followingr5é&.4 that does
not allow for temperature alterations. If this is not done, VSAT will altestibel properties

provided by the user in accordance with Grade 60.

4.2.8.3Prestressing Steel
Due to lack of available data in the literature, this feature is currerdlyailable.

4.2.8.4Soll
Due to lack of available data in the literature, this feature is currerdlailable.
Research is currently being conducted in conjunction with lowa State Unyversit

4.2.9 Analysis

VSAT is designed to perform a uniaxial flexural analysis of concreteoss with or
without an external axial load. The uniaxial flexural action indicateghibateutral axis of
the section is always parallel to the axis of rotation. Furthermore, thepragpes
transformed properties for all calculations of stresses, forces and mandrassumes that
the external applied axial load acts at the center of the section. The rfglls@gtions
provide information on how the moment-curvature response is constructed within \YSAT b
addressing section segmentation, the calculation of forces and momenthforatarial, the
location of the neutral axis, the creation of the moment-curvature response, anttthe li

states used in the analysis.
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4.2.9.1Section Segmentation

In order to conduct an analysis, VSAT must define the amount concrete, steel and
prestressing steel located within the section and in such a manner thagsbeaisain models
of each material can be applied. Thus, the section must be divided three tshby:Z0ne,
then by strip, and finally by material (see Figure 4-13).

The first division into zones allow for important locations of different sectionk, &sic
the beginning of a core, to later be defined by a series of strips. Each zsimayasn
Figure 4-13, is comprised of different parts based upon what materialeseatpwithin the
section (e.g., confined concrete, unconfined concrete, hole, mild steel, anesgregtsteel).
Zone 1, as shown in these figures, only contains cover concrete while Zone 2 amwains
concrete, core concrete, mild steel, and prestressing steel. Sinztamky 3 contains all of
the materials of Zone 2 with the addition of a “hole area”. If the section is nowh&one
3 does not exist. In the case of the H-Shaped section, where no core is present, Zone 2 does
not exist.

After dividing the section into zones, each zone is further segmented into an even
number of strips that are approximately 0.25 inch in width initially. The widtbadf strip
can be altered to satisfy user expectations of accuracy (more sttghsimore accurate
answer). This is especially important for circular sections where ggeissnodeled as a
quadrilateral. This inaccuracy can be minimized by increasing the numbepsistd
within the section.

Each strip is divided based upon what materials are present within that strip. This
division of material is needed to apply the appropriate stress-strain motdel to i
corresponding material area. The stresses are then calculatechfaratadal based upon
the strain at the strip’s centerline with the assumption that the strain tartomer each

material area for that strip.
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o0

Strip

Hole

Figure 4-13: Example of Zone, Strip, and Material Segmentation

4.2.9.2Forces in Concrete

To calculate the concrete force induced by each strip, the strain and cotmesstessat

the centerline of that strip are determined as described in Section 2.3. Thensteaih strip

is calculated by the following equations (see Figure 4-14):

& = arm; * tan (@)

where arm; = ¢ — y

Eq. (4.71)
Eq. (4.72)

@ = Strain angle of rotation (i.e., curvature)

¢ = Neutral axis depth

v = Distance from compressive strip i to the center of the section
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Strip i //////////////// Tcr

Figure 4-14: Determining the Strain for Strip i and a Given Curvature

Upon calculating the stresses for each concrete area, the resultant tedsion a
compression concrete forces are determined by multiplying each com@atey its

corresponding stress and using the Eqs. 4.73 and 4.74 for flodarglT,, respectively.

Cc = Z Acor,compi * fcor,compi + Acov,compi * fcov,compi Eq- (4-73)
Tc = Z Acor,teni * fcor,teni + Acov,teni * fcov,teni Eq- (4-74)

where Acorcompi = Area of core concrete in compression zone for strip i

Acov.compi = Area of cover concrete in compression zone for strip i

Acorteni = Area of core concrete in tension zone for strip i
Acovteni = Area of cover concrete in tension zone for strip i
feor,compi = Stress of core concrete in compression zone for strip |
feov,compi = Stress of cover concrete in compression zone for strip i
feorteni = Stress of core concrete in tension zone for strip i
feovteni = Stress of cover concrete in tension zone for strip i
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If the neutral axis deptle, is located within a strip, the partial areas of that strip
contributing toC.; andT. are defined by the portion of the strip that lies within the
compression and tension zones. New centerlines for these partial stripsnadefined and
the process described above is repeated.

4.2.9.3Reinforcing Steel in Rectangular Sections

Using the division method shown in Figure 4-15, the longitudinal reinforcing steel is
split into top, bottom and total side steel. Using the steel distributions, theesleaation
is smeared along the perimeter of the section at the centerline of tleeaiembars as
shown in the Figure 4-16. The top steel and bottom steel are smeared along theaséd
closest to the actual placement of the bars’ centroid. The remainder @feharet is
distributed to the strips containing confined concrete (Zones 2 and/or 3) in proportion to the
strip width and is assumed to act at the strip centerline. After this digtnithas been
made, the strains and stresses for the steel may be calculated uspyydpei@e stress-
strain curves. Note that the analysis can only be performed about the axisaf ratat
shown in Figure 4-15, for the rectangular section.

Top Steel
®
Side Stee| Side Steel
—_ _..._ ......... _,.._ _.F.
Axis of
Rotation
[ )

Bottom Stee

Figure 4-15: Steel Distribution for Rectangular Sections
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Top Steel
Zonel 7
' D
Zone ¢ : é : —
% — =
§ = =
N —_— —
Zone 3 § — —
\ = =
§ = =
Y R D
o ""// ? s =
Zone 2 // % — —
Zone ! =
Hole Side Steel Bottom Steel

Figure 4-16: Segmentation of a Rectangular Section and Smearing of Longiinal
Steel Reinforcement

4.2.9.4Circular Section Reinforcing Steel

The total area of longitudinal reinforcing steel for circular sectioesmmsared along the
centerline of the reinforcement similar to the rectangular sectidmassn Figure 4-16.
The steel is then distributed into each strip containing confined concrete (Zam¥erR23
based on the arc length at the steel centerline. As described by Kind.886), (he
proportion of the arc length within each strip, located around the centroid of the rebar
configuration, determines the proportion of the total steel area to be plabedtiatt strip.
The angle; aids in the determination of this arc length and is defined as in Figure 4-17.

Eacho; can be calculated as follows:

6; = 2+ cos™ (1 — LS 0S) Eq. (4.75)

where r = Radius to the steel centerline from the center of the section

d, = Diameter of longitudinal reinforcing bar
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Therefore, the area of steel within each strip is:

(6;—0;—1)
2T

As,stripi = * Ag Eq. (4.76)

As with the rectangular section, the steel areas are assumed to bedbotag¢ed

centerline of each strip for the determination of strains and stresses.

Clt_ of Stee
Zone = Hole
Yy, . "%
Zone : ///////////////////// // / “"f 2
Zone 3 N\

Figure 4-17: Segmentation of a Circular Section and Smearing of Longitudal
Steel Reinforcement

If a steel shell exists, the longitudinal portion of the steel is distributeglaced in a
radial manner as shown in Figure 4-18. This reduces the amount of calculation and runti
necessary to analyze the section because each “shell strip” containa¢hensaunt of steel
from the outer shell. VSAT defines the shell strip’s arc lengths as thagavef the strip
widths for Zones 1, 2 and 3 as defined in Section 4.2.9.1 while also keeping an even number

of strips. The area for each shell strip can then be calculated from:

=% g Eq. (4.77)

A .
s,shelli 2T shell,long

After these distributions have been made, the strains and stresses for tiudilaigsteel

may be calculated.
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Steel She

Figure 4-18: Circular Steel Shell Segmentation and Location

4.2.9.5Rectangular Section with Circular Reinforcing Steel

The segmentation of Zones 1, 2 and 3 for a rectangular cross section withaa circul
longitudinal reinforcement shape follows the segmentation provided in Figure 4-16 and
explained in Section 2.9.3 while the smearing of steel follows that provided in Bidifre
for a circular section and explained in Section 2.9.4. This method of segmentationavas use
as to better replicate the behavior of the section, which should be similar to dhateflar
section. This approach can be justified by the realization that the cover copafistef$

early in the analysis leaving only a circular core for the remainder oé$ipense.

4.2.9.60ctagonal Section with Circular Reinforcing Steel

Similar to the rectangular section with a circular longitudinal reieiment shape, the
octagonal section is segmented by zones as described in Section 2.9.3 and theas&s| sme
as provided in Section 2.9.4. This can be justified by the realization that the cogeate

spalls off early in the analysis leaving only a circular core for thairetar of the response.
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4.2.9.7H-Shaped Section

VSAT limits the user to only use UHPC and prestressing steel for thepgedbaction
as this section was introduced to assist with ongoing research as ISU. Thiishdue t
absence of a core and the practicality of the section. The H-shaped seségmented with
an even number of strips that is closest to 0.1 in. initially. The user may changa!lei to
ensure that the edges of a strip fall at depths D2 and D3 as shown in Figure 4-19eto ens
that the correct cross-sectional area is calculated. The preggrstes! is located by a value
Ypi measured from the top of the section down to the center of the strand. The area of each
prestressing strand is subtracted from the concrete area, force andtrtwmaresure an
accurate representation of the section. The strains are calculated atéhiéneeof the strips
for the concrete and at the center of bars for the prestressing steelthéseedistributions
are made, the strains and stresses for the steel may be calculated.

-~ LES

| Ypi

Zone D1

P A Filr
=
Figure 4-19: Section Segmentation of a I$hape Section and Defining the Location «
Prestressing Steel and Cross Section Width Changes

4.2.9.8Forces in Mild Steel Reinforcement

To calculate the resultant tensile and compression forces in the mildesté@icement
of the section, the strain at the centerline of each strip is calculatéar somtbection 4.2.9.2
with stresses determined as described in Section 4.2.3. Upon calculatimgdbesstor each

mild steel area, the resultant tension and compression steel forcesamarzt by
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multiplying each mild steel area by its corresponding stress and usinguiteoas for

finding the resultanf; andT; as provided below.

Cs = ZAs,compi * f:s‘,compi Eq. (4-78)
T, = Z As,teni * fs,teni Eq. (4-79)
where Ag .omp; = Area of mild steel reinforcement in

compression zone for strip i

Ag teni = Area of mild steel reinforcement in tensile
zone for strip i

fscompi = Stress of mild steel reinforcement in
compression zone for strip i

s teni = Stress of mild steel reinforcement in tension

zone for strip i

If the neutral axis lies within a strip, the strip is divided into a compressioreasidn
zone and the area of mild steel is separated proportional to the new strip aretas prior
determining the&Cs andTs. The new mild steel areas are then assumed to act at the center of

these new partial strips.

4.2.9.9Forces in Prestressing Steel

To calculate the resultant tensile and compression forces of the pragtstesl, the
strain at the centerline of each strip is calculated similar to coramdtenild steel
reinforcement with stresses determined as described in Section 4.2.4. Tdiaserstiude
the initial jacking strains of the prestressing strands as well as thepiexssion strains by
requiring the user to enter both the jacking stress and the loss associateteagimg. Upon
calculating the stresses for each prestressing steel area ultenteéension and compression
steel forces are determined by multiplying each prestressielgaséa by its corresponding

stress and using the equations@gandT, as provided below.

Cp = ZAp,compi * fp,compi Eq. (4.80)
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Tp = ZAp,teni * fp,teni Eqg. (4.81)
where A, .ompi = Area of prestressing steel in compression

zone for strip i

Ap teni = Area of prestressing steel in tensile zone for
strip i
focompi = Stress of prestressing steel in compression

zone for strip i
fp teni = Stress of prestressing steel in tension zone for

strip i

If the neutral axis lies within a strip, the strip is divided into a compressioreasidn
zone and the area of prestressing steel is separated proportional to thepnareatrbefore
determining theéCs andTs. The new prestressing steel areas are then assumed to act at the

center of these new partial strips.

4.2.9.10 Determination of the Neutral Axis Depth

The main challenge when defining the moment-curvature response by hand is finding
the neutral axis depth for a given curvature such that the section satisfeegduilibrium
and strain compatibility. In other words, the resultant internal axiag fByequals the
applied axial loadPappiies If this is not true, every strain, stress, and force for each strip must
be recalculated for a different neutral axis depth. This process can becameatetalso
can provide a means for human error to occur in the many calculations requites for t
iterative process. In general, the section equilibrium has been reaclzegiven curvature

when the following equation is satisfied:

Cct+Co++Cp+ T+ T+ T, = P = Pyppiica Eq. (4.82)
where C, = Resultant concrete compressive force

Cs = Resultant mild steel compressive force

Gy = Resultant prestress compressive force

T, = Resultant concrete tensile force
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T = Resultant mild steel tensile force
T, = Resultant prestress tensile force
p = Resultant internal force

Pappiiea = Applied axial load

If equilibrium is not satisfied, VSAT uses an iterative process to deterhereotrect
neutral axis depth. Each new neutral axis depth is based upon the previous two and their

corresponding axial loads by the following equation:

c=c,+ (Papplie;iz—_Pgl)(Cz—Cﬂ Eq. (4.83)
where c;, ¢, P;, andP, are the neutral axis and axial load values

for the two previous iterations

In order to reduce runtime, if both axial loads are higher or lower than the appéied ax
load, the first neutral axis depth becomes the second and the second depth is dietsraine
fraction of the first. Upon reaching a set of neutral axis depths, where omalirbeal load
lies on either side of the applied axial load, the previous iteration method (Eq. 4.83) is
adopted. The iteration process of each neutral axis depth for a given curvatypes st
when the internal axial load is within acceptable limits of the applied lagidl This
acceptable limit is given as a percentage of the applied axial load whidvidga by the

user and expressed in Eq. 4.84.

|P1 or2 Papplied| < Xx |Papplied| Eq- (4-84)

whereX = Coefficient defining iteration accuracy

The default value used farin VSAT is 0.01% of the applied axial load.
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4.2.9.11 Calculation of Moment Capacity

Upon determining each correct neutral axis depth, the moment capacity oftitie isec
calculated by determining the internal moment resistance. The mondeténsiined from
summing all applied forces times their moment arms about the centerline ettioa s

parallel to the axis of rotation and is expressed numerically by Eq. 4.85.

M=} fcor,compi * Acor,compiyci + X fcov,compi * Acov,compi)’ci +
Z fcor,teni * Acor,teniyti + Z fcov,teni * Acov,teniyti +
Z fs,compi * As,compiyci + Z fs,teni * As,teniyti + Eq- (4-85)
X fp,compi * Ap,compiVei T 2 fpteni * Ap teniVti

wherey; = Distance from strip | to the center of section

Summing the moment about the center of the section, rather than the neutralcaxss, all
the moment capacity to be determined without inducing a moment from the appiiethbxt

axial load.

4.2.9.12 Calculation of Moment-Curvature Response

VSAT iterates on the neutral axis depth for every chosen curvature vidhuinev
exception of the first three predefined points: the cracking, first yield, leinthte
curvatures; see Figure 4-20. The preceding three curvatures are definetichlapatrains
and then iterated using Eq. 4.86. Two initial curvature values are taken, the corrggpondin
neutral axes are calculated to ensure the target strain is attained, and tweredponding
internal axial loads are determined. From the two previous axial load and cukxate® a

new curvature (if needed) can be determined as follows:

_ (Papplied—Pz)(®2—®1)
= 0, + Py—P1) Eq. (486)

where @, @,, P;, andP, are the neutral axis depths and axial

loads for the two previous iterations
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The cracking curvature (i.e., the curvature at which the section ficksjraccurs when
the extreme concrete strain reaches the cracking strain or theteltenaile strairg;, as
defined by the user. The first yield curvature is defined as the lowestae at which
either the steel strains, reaches 0.004 in./in. or the concrete strain reaghesrhe ultimate
curvature is the lowest curvature at which the steel reaches the mayemsiontstrain of
& the steel reaches the maximum compressive strayg,0br the compression concrete
strain reacheg,,. Each curvature is said to have been reached when the above conditions
occur and equilibrium is satisfied.

Once these three curvatures and their corresponding parameters ak deénmediate
curvature values are evenly spaced in portions 1 and 2 of the moment-curvature cutve, whic
are defined in Figure 4-20. Portion one of the graph is the distance between the lower of the
first yield and the cracking curvature and five times the larger of the Rortion two of the
graph is the distance between five times the larger of the first yieldacking curvature

and the ultimate curvature.

Portion 1 Portion 2

_ | _ _ Ultimate Strength
5 Times Greater of First Yield (Ultimate Curvature)

or Cracking Curvature

First Yield Occurs
(First Yield Curvature)

Moment (Pressure)

Cracking Occurs
(Craking Curvature)

Curvature (1/Length)

Figure 4-20: Moment-Curvature Response Segmentation and Conditions
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4.2.9.13 Conditions for Stopping Analysis
VSAT has six conditions which will stop the analysis. This ensures that theianal

will not get into a continuous loop or that the program will produce data beyond reaching the

ultimate curvature. These conditions are as follows:

No solution can be found with over 1000 iterations not determining a solution
The entire section exceeds the maximum compressive stfaimnder the initial
axial load

The concrete strain exceeqjg (Eq. 4.31)

The tensile steel strain exceeys,

The compressive steel strain exceeds

The user defined maximum curvature has been reached

If the analysis is stopped for any of these reasons, the ultimate curvatefmes] as

the curvature previous to that which terminated the analysis and, thus, the monaanire

curve in Figure 4-20 can be created.
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Chapter 5: EXAMPLE PROBLEMS AND VALIDATION

5.1 Introduction

This chapter presents examples of different VSAT analyses and providesiaalafat
VSAT where possible. The example problems also demonstrate accurate execution of
VSAT. The section’s details, including reinforcement configuration, and mecoevdture
response graph are provided. Also, where applicable, moment-curvature respoases wer
created using other means to validate the analysis results of VSAT and eeromnments
are made on the similarities and dissimilarities of the results froereiiff analysis

programs.

5.2 Circular Concrete Section

The example circular concrete section, seen in Figure 5-1, is comprised of a 60 in
concrete diameter with 30 #11 longitudinal bars. The concrete model used was that
presented in Section 4.2.3.1 wjth= 5 ksi and the simplified mild steel reinforcement

model withfy, = 66ksi as described Section 2.4.

5.2.1 Comparison of VSAT to King’'s Program

Since this section is based upon essentially the same concrete and steel sitbdéls a
used by King’s Program, only small little differences in the moment-tuneaesponse
should be found. As shown by Figure 5-2, the moment-curvature responses of VSAT and
King’'s Program are almost identical. Although not visible, slight variatidghe moment at
each curvature is found due to minor alterations in the concrete model from the one used in
King's Program. A difference in the curvature capacity of the sectiobserved and
justified because the ultimate concrete strain in King's Program and V&Adlsa defined
differently, with VSAT using that proposed by Paulay and Priestley (1992)SAT\é
ultimate concrete strain is altered to match that used in King’s Progradifférence in

curvature capacity dissipates.
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External Axial Load:

100

Long. Reinforcement:

A
P, = 700 kip As =30 - #11s (46.80 fin
Concrete: fy = 66 ksi
f! =5ksi Simplified Model °0"
No Tension Capacity Trans. Reinforcement:
Ash=#5 @ 4 in. spacing v
Spirals 2" cover 30 - # 11 Bars
fyh = 60 Ksi

Figure 5-1: Details of the Circular Section Example

9000

8000

7000

/
[

6000

5000

4000

Moment, (kip-ft)

3000

2000

King's Program

= = VSAT

0 I T T T T T
0 0.0002 0.0004 0.0006 0.0008

1000

/
/
)
|

0.001 0.0012

Curvature, (1/in.)

Figure 5-2: Moment-Curvature Comparison for the Example Circular Section in
Figure 5-1
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5.3 Rectangular Concrete Section
The example rectangular section, seen in Figure 5-3, is comprised of a 36x36 in.
concrete configuration with 20 #14 longitudinal bars. The concrete and mild steel

reinforcement models used were similar to the circular sectiorf'withb ksi and, = 66ksi.

5.3.1 Comparison of VSAT to King’'s Program

Similar to the circular concrete section, essentially the same cemméisteel models as
those in King’'s Program were used, only small little differences in the mtecnevature
response should be found. As shown by Figure 5-4, the moment-curvature responses of
VSAT and King’s Program are almost identical. Although not visible, slighatiani in the
moment at each curvature is found due to minor alterations in the concrete model from the
one used in King’'s Program. As with the circular concrete section, a diféeiretioe
curvature capacity of the section is observed and justified because theeutitmatete
strain in King’s Program and VSAT are also defined differently, witV8sing that
proposed by Paulay and Priestley (1992). If VSAT's ultimate concreta &raltered to
match that used in King's Program, the difference in curvature capacityadessi

External Axial Load: Long. Reinforcement: 20 - # 14 Bars
P, = 525 kip Asen= 6 - #14s (13.50 F / 2 i"ver
Concrete: Asside= 8 - #14s (18.00 ) [, ‘ : X
f! =6 ksi As comp= 6 - #14s (13.50 fiy

No Tension Capacity fy =66 ksi
Simplified Model

Trans. Reinforcement:

Ash=#5 @ 3 in. spacing
Rectangular Ties (4 x- and y-

Direction Legs)
fyn = 60 ksi

Figure 5-3: Details of the Rectangular Section Example
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6000

5000 = -

4000 A~

3000

Moment (kip-ft)

2000

1000

King's Program
- = VSAT

O T T T T T
0 0.0005 0.001 0.0015 0.002 0.0025 0.003

Curvature (1/in.)

Figure 5-4: Moment-Curvature Comparison for the Rectangular Secbn Example in
Figure 5-3

5.4 Circular Section with Different Concrete Models

As stated in previous chapters, two models were provided in VSAT for the definition of
confined and unconfined concrete. With the same input as the circular section found in
Section 5.2, the effects of utilizing Hose et al.’s modified from Mander ebakisthe
original model proposed by Mander et al. will be examined. The additional irfforma
required is as follows) = 20, J = 1/3, fy, = 66ksi and no yield plateau occurs in transverse
reinforcement stress-strain graph.

As shown in Figure 5-5, slight changes occur in the moment curvature analysi
0.43% reduction in the cracking curvature, a 1.89% reduction in the first yield cunaatdre
a 2.85% increase in the ultimate curvature occurred when using Hose et ak&ecamudel

over the model proposed by Mander et al. The moments corresponding to the carvature
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mentioned also increased by 0.17%, 0.30%, and 1.65% respectively. It is important to note
that these results, though important, tend to greatly increase the anaiytsisea. This is

due to the nature of how the stress-strain graph need be developed, incrersiepiailhg to

each desired strain.

9000

8000 /
7000

6000 /
< 5000
ol
(]
£ 4000
(@)
:

3000 I

2000

Mander's Mode
1000
— = Hose et al.
0 |
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012

Curvature (1/in)

Figure 5-5: Moment-Curvature Comparison of Different VSAT Concrde Models

5.5 H-Shaped UHPC Section

The UHPC H-shaped section, as shown in Figure 5-6, consists of a 10x10 in. imprint
with a total prestressing area of 1.53.inThe UHPC model was based upon that presented
in Section 4.2.3.6 and the prestressing model was based upon that presented in Section 2.5
with the parameters set to create as close to a bi-linear curve aseptussdbllect Vande
Voort et al.’s work. This particular example was chosen because the stoppingocooiditi

the moment dropping below 80% of the maximum moment was needed.
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5.5.1 Comparison of VSAT to Vande Voort et al. (2008)

As shown in Figure 5-7, the moment-curvature response produced by VSAT and Vande
Voort et al. overlap identically, as expected. Note that the VSAT graph contiigintly s
after the 80% of the maximum moment mark, as it is impractical to calchisteatue

directly. This value was manually found in an excel program by Vande Voort et al

External Axial Load: Prestressing: < 10 >
— ; - i 2
UHPC: fi=2025ksi 11—
f! = 26 ksi E, = 28,000 ksi 4
. - 10”
E:. = 8,000 ksi gpu = 0.05 in./in.
fre =1.30 ksi Close to bi-linear curve
fimax = 1.70 ksi © g o of |

10-A, = 0.153 ir?
Figure 5-6: Example H-Shape Section Detai

3000

2500

N
o
o
o

Moment (Kkip-in)
|_\
al
o
(@)

1000
Vande Voort et al.
=== \/SAT
500 5
® \Vande Voort et al. 80% Maximum
= = 80 Percent of the Maximum

0.0000 0.0002 0.0004 0.0006 0.0008

Curvature (1/in)

Figure 5-7: Moment-Curvature Comparison of Example H-Shaped Section
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5.6 Rectangular Concrete Section with Circular Prestressing Steel Coigfuration
As shown in Figure 5-8, the section is comprised of a 14in square cross section with a
circular core. The five % in strands follow the Menegotto and Pinto model with thelgulovi

values to mimic that used in another program.

5.6.1 Comparison of VSAT to Vande Voort et al. (2008)

Figure 5-9 shows a few comparisons to OpenSees. First, the section lyascawéah
VSAT using the same prestressing information as OpenSees but with the @eggnédrated
concrete model was as described in Section 4.2.3 as shown in Figure 5-9. As shown, even
with smearing the prestressing steel and the concrete model proposed by &lahder
(1988hb), the moment-curvature response contour is comparable to OpenSees. The
discrepancy is believed to be due to the assumption in VSAT, used to ease the user’s input
while insuring the moment resistance, that the reinforcement is smeamgdtalcenterline.
It is unclear the exact placement of the 5 prestressing strands in Opem8gesan greatly
alter the moment-curvature response. Further investigation into the devetadW&AT
need be conducted to ensure this is indeed the cause of the moment-curvature response
discrepancy.

The second analysis required the adjustment of the concrete stress-staito dithat
defined in OpenSees. This required the values.@inde;, in VSAT to be changed to 0.63
and 0.0025, respectively. As shown in the figure, a decrease in the confined concrete
strength of concrete by 2ksi can have a significant impact on the secticnsnaerte.
Again, further investigation into the development of VSAT need be conducted to ensure this

is indeed the cause of the moment-curvature response discrepancy.
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External Axial Load: Long. Reinforcement: 4
P, = 490 kip A, =5—% 270 ksi (0.153 )

Concrete: E = 29,000 ksi )
f'c = 10 ksi fou = 266 ksi n

No Tension Capacity ¢, = 0.04

Trans. Reinforcement: f,, = 245 ksi

Ash=#3 @ 0.8076 in. g, = 0.010
14" —»

spacing Menegotto and Pinto
Spirals N =400, K =1, Q =0.022951
fyn = 60 Kksi Transfer Stress = 30.5877 ksi

Figure 5-8: Example Prestressed Section Details
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500 | Opensees
] VSAT (Same Prestress)
| = = VSAT (Same Prestress and Concrete)
0 . . .
0.0000 0.0020 0.0040 0.0060 0.0080

Curvature (1/in)

Figure 5-9: Moment-Curvature Comparison to OpenSees
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5.7 Effects of Temperature

The effects of temperature on the behavior of mild steel reinforcement, buttrfor tha
concrete, has been completed for this project. To better understand the effatisevéture
on the moment-curvature response, and due to the uncompleted testing of concrete at low
temperatures, separate comparisons for adding the effects of tenmgerainild steel
reinforcement, on concrete with different water contents, and on both mateeigiovided
in Figure 5-10. The examples used to develop this comparison follow that provided in
Section 5.2 with material temperature effects modified as necesHaege examples were
checked internally in VSAT to ensure no error occurred during defining tessdtrain
behavioral changes due to temperature.

As shown in Figure 5-10, changing the behavior of only mild steel in accordathce wi
Chapter 3 causes a slight increase in moment capacity and curvatuitydictis
particular section. The figure also shows that changing the behavior of onlgteoccauses
a slight increase in moment capacity with a reduction in curvature. Note thapide on
the moment-curvature response is dependent upon the concrete’s water content. When
combining the effects of temperature on mild steel and concrete, this padectian shows
an overall increase in moment capacity with a reduction in curvature duchilite that this

may not be the case with all possible sections; a general assumption must nd¢ be ma
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Chapter 6: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction

The following chapter summarizes the information provided in this document. In
addition, the conclusions made from the research presented in this report atedprovi
followed by recommendations for future research and the expansion of VSAT.

6.2 Summary

Currently established moment-curvature analysis programs lack fedtateare
beneficial or crucial to the structural design of concrete sections sedenic loading. The
effects of temperature, inclusion of soil pressure confinement, versatistyeiss-strain
definition, and standard reinforcement sizes and areas to aid the user in desigongre a
some of these shortcomings. A moment-curvature program, VSAT, was developed that
provided these features in order to attain the better moment-curvature resgamesete
Cross sections.

As part of this project, the effects of temperature on various types opsteausly
tested were found. From this research, no trend could be adopted to define shstrstires
behavioral changes of ASTM A706 mild steel reinforcement. This was due toférertibe
in material, challenges during testing, and the exclusion of the effetes\perature on the
strain hardening region of the stress-strain graph. To attain the desiredaitndn, testing
was conducted on two different milled bar sizes at temperatures varying ff@WCC.

The development of VSAT is a conglomeration of several different matevdélsifor
concrete, mild steel, UHPC, and prestressing steel. This was deemedrydoedseelop a
versatile section analysis tool capable of performing different ctenseetions, as well as,
standard pile and foundation cross sections. Additional information on default bar sizes,
areas, and model constants were utilized in VSAT to aid the user in analyeitgpa svith
ease regardless of how limited their knowledge of the material behaviors are.

To provide example problems and verify that VSAT was functioning properly,
comparisons were made to results obtained using other established prograrnsyV A&
being a pioneer in including the effects of temperature, the stressistravioral changes of
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mild steel reinforcement were verified by hand calculations. Hand cabndatere also
performed for the other equations used in VSAT to ensure no calculation error occurred

during an analysis.

6.2.1 VSAT

The additional features deemed necessary for VSAT provided several tibsstva
These features, observations and the methodology as to why they are necessary are
discussed below.

The inclusion of tensile concrete strength, though a minor contribution, does have an
effect on the cracking curvature of the section. Defining this strengthday st stress
was added to allow the user to define the cracking condition of the section.

The user has the option of including prestressing steel behavior in compression. It
may also be assumed that the steel contributes no force or moment to the section upon
reaching a compressive strain. A strand by itself exhibits littlstaeEe in compression
but one surrounded by concrete does have a compressive resistance. This is gossible b
the inclusion of transverse reinforcement and concrete that help prevent buckling of the
material. The inclusion of this compressive stress will alter the ¢tocafithe neutral
axis and, therefore, the moment-curvature response.

The accuracy of the moment-curvature response can be increased or decreased by
altering the strip width or the number of points generated for the graph. The ohecreas
of strip width or increasing of data points can have a significant impact on thienein
for the section being analyzed.

Dropping below 80% of the maximum moment was made optional because it is an
ultimate condition in VSAT. If chosen, the ultimate condition is found when the section
is finished or the section reaches 80% of the maximum moment resistandeswehic
occurs first. If a moment is calculated below 80% of the maximum, VSATdtera get
as close to this value as possible as indicated by the H-Shaped section @xample
Chapter 5.

Sometimes a section has no particular solution for the specific curvature being

analyzed. This is common when large concrete strips of the section are on thd verge o
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crushing. If this occurs, the neutral axis depth becomes very sensitive andusaynd
endless loop iteration. A cap has been put on the number of iterations to be performed
before skipping to the next point to reduce run-time and avoid a computer error. This
may be avoided by decreasing the strip width.

VSAT directly calculates cracking, first yield and ultimate cuwvatvalues. This
saves the user from using interpolation or extrapolation in the analysis. A rooratac
representation for the ductility of the section can also be developed for selteotes
this feature.

6.3 Conclusions
From the work conducted for this thesis, several conclusions can be drawn. The
following conclusions are reflective of the work mentioned previously in this doduore

the effects of temperature and the development of VSAT.

6.3.1 Temperature Effects on A706 Mild Steel
This thesis has presented an investigation on the effects of cold tempfcatu€e’C
to -4C°C and strain rate variation from 0.003 in./in./min. to 0.3 in./in./min. on the behavioral
changes of A706 mild steel reinforcement for the purposes of designingistsuittat
undergo seasonal freezing. The following conclusions were made of A706 reild ste
e The material behavior of A706 mild steel reinforcement is altered everebefor
reaching -32F ((°C). This is complimentary to previous research on other
materials but dissimilar to the assumption made by NCSU for the material.
Behavioral changes were experienced®@ &hd may occur at even warmer
temperatures, though less significant in magnitude. This observation is consistent
with the trend observed for the material behavior in the temperature range
between 20C and -40C.
e There is a discrepancy between the cross-sectional area of the anfoatireg
bar and the ASTM nominal that varies with bar size. It was found that the
unmilled area of the experimental rebar was 4.3 percent smaller than tive AST

area for the #8 rebar and 2.3 percent smaller for the #6 rebar.
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e The modulus of elasticity is insignificantly affected by temperature taauh sate
and should, therefore, assumed to be a constant value.

e The yield and ultimate strength increases of A706 mild steel reinfontesary
guadratically instead of linearly as suggested by Filiatrault and HolleraCSA
G30.16 reinforcing steel.

e Anincrease in the yield and ultimate strengths of 5.1 and 6.3 percent were
experienced for A706 mild steel reinforcement, respectively, when lowdeng t
temperature from 2C to -40C.

e The magnitude of temperature increases for the yield and ultimate gefgt
A706 mild steel are generally lower than those suggested in previoushesear
other materials, particularly the 8 percent increase in yield skrexmgk 12 percent
increase in ultimate strength at °@0as shown by Sloan (2005) for A706 mild
steel reinforcement.

e The impact of temperature on the ultimate strength of A706 mild steel
reinforcement, with an overall increase of 3 percent, is greater than that on the
yield strength, 1.67 percent, and is opposite to previous research conducted on
other materials.

e Although a complete conclusion on the effects of bar size could not be made, it is
apparent that bar size may affect the magnitudes at which the incrgasd smd
ultimate strength occur.

e The yield plateau generally dissipates as the strain rate increasgsvas found

to diminish upon reaching a strain rate of 0.3 in./in./min.

6.3.2 VSAT
The following conclusions were made when comparing VSAT output with establi
section analysis tools and determining the effects of temperature anthkstel pressure.
¢ |tis apparent from Chapter 5 that VSAT is capable of providing accurate output
for circular, rectangular, and prestressed H-shaped sections. This rsisntve
close relationship of the moment-curvature response between VSAT and previous

models and/or programs.
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e The moment-curvature responses of prestressed sections that utilize normal
concrete do not match those given by OpenSees, but are similar in contour. When
changing the concrete parameters in VSAT to better fit OpenSees atiensHip
deviates. Further investigation is needed to determine why this occurred.

e The temperature effects used in this program are directly repregemithe
testing performed for this thesis or have been assumed until ongoing research a
lowa State University can been completed. The moment-curvature response of a

section can be significantly altered at temperatures as wartCas 0

e The moment-curvature response of a section can be significantly alténed wi

external soil pressures as low as 10 psi.

6.4 Recommendations
Due to time constraints and the scope of this project, several items could not be
researched that deserve attention. The following section provides information and/or

concerns that may need to be further researched.

6.4.1 Temperature Effects

After the completion of the testing for this project, it was found that the stiress
behavior of mild steel and the strength increases associated with temgerayube
dependent on the bar size. Although this influence appears small, this topic shoulg be full
researched for validation. It is recommended that additional testing be chdunstlar to
that described in Chapter 3. Choose one bar size the same as the testing conducted for this
thesis and one or two additional sizes such as #11, #14, or #4 reinforcing bars. This will
provide a range of bar sizes, rather than two as used for this project, to detemcieed
the bar size affects both the stress-strain behavior and the strengthaa@ssociated with
temperature.

In addition, cyclic testing on the material should be conducted to verify that the- stre
strain behavior utilized for VSAT is applicable under seismic loading. One cammniled
whether the stress-strain behavior varies differently in the elaststicpland strain

hardening region as it was seen in this project that the yield plateau tendsetisdeas the
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strain rate increases. Cyclic testing should be conducted at various ratéiectdire effects
of different seismic activity. This also provides a range of information tsee at a later
date when more knowledge of seismic activity is known and a representatingaatan
be chosen for the region of the country in interest.

The effects of temperature on the behavior of soil and prestressing steel $mblkel a
considered. As shown in Chapter 5, the effects of just one component within the section can
have a drastic increase in the moment-curvature response of the section. rféastmnsand
to provide completeness, this should also be done for all materials likely to be within the
section of interest.

Due to the lack of research conducted on circular columns with exterior stéel she
likely to be used in colder regions of the U.S. (e.g., Alaska), a test matdbaakesigned
that incorporates both the core and cover concrete. This should include the effects on the
stress-strain behavior of both concrete types. Note that careful atteriti@netibects on core
concrete with varying inner transverse reinforcement, such as a spiral, resddssed.

This information should then replace those equations initially used in VSAT and provided in
Chapter 4.

6.4.2 Additional Material Properties

Aside from the effects of temperature, the behavior of soil and its effects aeteonc
performance needs to be correctly quantified. The behavior of soil, both cobssiand
cohesive, need be examined. The behavior of the soil undergoing displacement should first
be captured. Then, tests to determine the effects upon both confined and unconfined concrete
sections should be analyzed. This will allow VSAT to be altered to bettestrifieeffects
of soil rather than assuming the same effects as transverse steel eridlhmagnce of
confined or core concrete.

As shown by OpenSees and VSAT with the Mander's Concrete Model, there is a
discrepancy between the confined strength and behavior of concrete. Furtbegatios is
needed to determine a more accurate stress-strain relationship for the behesmrete or

if a modification of an older model is necessary. Research should be conducted amdhigh
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low-strength concrete separately to determine if these concretentgydse expressed with
a single model or needs to utilize multiple models.

Due to the advantages of using hollow sections, such as weight and price reduction, a
test matrix needs to be developed to analyze the behavior of concrete of cidular a
rectangular hollow sections. The strength of the inner surface of thenselepending on if

one or two layers of transverse reinforcement are used, should be examined.

6.4.3 VSAT

As with any analysis program, there is room for improvement and expansien. It i
recommended that VSAT be updated as the previously mentioned information isdyadhere
better reflect field performance of sections. Due to time constraintslibwihg features
were not added to VSAT that should, eventually, be included: external moment, hollow
sections, steel shell validation, temperature effects of soil and presjres=sel, an arbitrary
section option, and the ability to define reinforcement locations in a sectiontrethesteel

smearing (similar to the H-Shaped section).
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APPENDIX A: A706 MILD STEEL ADDITIONAL GRAPHS

The following section provides additional information on the results of testing A706
mild steel reinforcement as discussed in Chapter 3. The effects of taimperathe elastic
modulus, yield plateau length, and ultimate strain are discussed along weffettis of
strain rate on the elastic modulus and ultimate strain. The last portion ofctios se
provides a comparison between the recommended strength increases discusseieirBCha

and the experimental data.
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APPENDIX B: VSAT USER MANUAL

B.1 Introduction

This user’'s manual was created to aid in the understanding of how to executena sect
analysis in VSAT through a visual reference. The following sections will hélpeda|
necessary input information that needs to be entered prior to running an analysienita
information is required on any output or methods of determining output of the analysis, ref
to the theoretical procedures provided in Chapter 4 of this thesis. Note that adestmm
is not available for this version of VSAT. Thus, the steps pertaining to these itoarid
be ignored.
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B.2 Title Page and Section Type

The steps provided in this section are those for the first page that the user will encount
upon loading VSAT (see Figure B-1). This page is intended to collect user atimnirsuch
as a project title, and also requires the user to select the basic concretetgeet(i.e.,
rectangular, circular, or circular with an outer shell). As shown in FiguretBe required
information is labeled with the expected input, and the associated choices, asseatisc

below for this page as well as for all other pages of VSAT.

W Versatile Section Analysis Tool (VSAT)

A
|iject Title |Pr0jectTit1e
S Q l I l |Ch'm Name |C]ient's Name
|R.u.||.B3.r |UserNa.me
Version: Beta 2.2 |Daie |Date
by _ Select a Section Type
Jami,{f‘ e " Rectangular Section

Sri Sritharan

B Circular Section
[ Outer Shell Exists

**Disclaimer: VSAT is in its beta version and this currentversion is e} (‘.tagonal Section
intended sivictly for educational purposes only until it has heen fully
developed and checked for exrors. It may, therefore, not yethe wtilized for - H—Sllal) e Section

commercial applications. Any information determined by VSAT must be

evaluated and deemed “accurate” by the user hefore being used in design.

The author of VSAT assumes no responsihility for the owiput provided hy

the program and/or any problems or failures that may arise from analysis

resulis. Ifaproblem arises during the usage of VSAT or more knowledge V @J

is required, contact these currently supporting the program.

Figure B-1: Definition of User Information in VSAT

A: Enter in user information as desired.
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B: Select the section type to be analyzed.

C: Click onﬁ to continue.

D: Click on

to exit the program.
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B.3  Section Parameters
The section parameters page is where the user provides information such ad the ste

type/configuration to be used, the applied loads, and the effects of soil and/or tarepéra
appropriate. Note that a hollow section and prestressing steel may not be hgedarsion
of VSAT. For this reason disregard any steps pertaining to these options. Thenfpllowi

steps will aid in completion of the section parameters page (see Figure B-2)

. Versatile Section Analysis Tool (VSAT)

File Geometry

Section Type External Actions
A & Solid |App]ied Axial Force | D | Kips
" Hollow E ° Sei Pressure
" Rectangular Hole ~ Temperature Effects
" Circular Hole Analysis Temp 20 DegC
Concrete Temp 0 Deg C
g q ] i DegC
Longitudinal Steel Mild Steel Temp 0 eg
B Mid Steel Prestress Steel Temp 0 DegC
Steel Configuration
" Rect )
_EC angular Transverse Reinforcement
" Circular : L
The transverse reinforcment location is based upon the:
- T L :
C I Prestressing Steel Mild Steel Longttudinal Reinfercernent
G r Prestressimg Longitudinal Remnforcement
i Stratds “ Wires "~ There i1s no Transverse Remforcement
Steel Configuration Steel Configuration }
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Figure B-2: Definition of Section Parameters in VSAT

A: Select whether the section is solid or hollow (only solid is currentlyadla).

B: If mild steel is present in the section, check the box and specify thetdigluration.
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. If prestressing steel is present in the section, check the box.

C(i): If strands are present in the section, check the box and specify the steel
configuration.

C(ii): If prestressing wires are present in the section, check thendospacify the steel
configuration.

C(iii): If prestressing bars are present in the section, check the box aifg #pe steel
configuration.

. Enter the external axial load applied to the section (kips).

E: If external soil pressure provides confinement, check this option.

If you wish to include temperature effects in the analysis, check thepaigpe box.
Then enter the temperature at which the analysis should be executed. Himateri
properties are to be defined at different temperatures, then provide this indorbna
altering the material temperatures from the listed analysis tatopes. The required
input will be collected under the material section.

. Define whether the transverse reinforcement will be measured fromattesnant of the
mild steel, prestressing steel, or that no transverse reinforcement e}igs step is
necessary to accurately locate the transverse reinforcement and ahgrestent within
the section. It is intended to reduce the necessary input required from the user.

: Choose the desired transverse reinforcement option.
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B.4  Circular Section Geometry

Skip to Section B.5 if the section type is not circular.

The circular section geometry page defines gross section dimensionseind st
reinforcement within the section. The section’s geometry facilitathsd@termining the
effectiveness of the core as presented in Section 4.2.3.1. Figure B-3 belemigties

information required to perform a moment-curvature analysis on a circatarse

W Versatile Section Analysis Tool (VSAT)
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Figure B-3: Defining Details of a Circular Section in VSAT
A: Enter the section diameter in inches.

B: Enter the cover thickness, measured from the outer edge of the mairuflorad)t

reinforcement to the outer edge of the section, in inches.
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If an outer steel shell exists, enter the shell thickness in inches. Thhk tefkness is 2

inches. If no shell exists, this option will not be available.

. If an outer steel shell exists, enter the steel shell’'s longitudinallmaidn in percent.

The default value is 50 percent, and the other contribution is automaticallyatedictd
provide the steel shell’s transverse contribution. If no shell exists, this opliooibe
available.

If the section is hollow, enter the diameter of the hole at the center ottion se
inches.

Enter in the number of longitudinal mild steel reinforcing bars.

G: Select the mild steel deformed reinforcing bar size by selegtame from the drop down

= T A<

menu.

. Select the bar size of the transverse reinforcement by choosizegfeom the drop down

menu.
Enter the transverse reinforcement spacing measured from centeteoioenches.
Enter the yield strength of the transverse reinforcement in kigs|pare inch (ksi).
Enter the yield strength to be used of the outer steel shell in kips per suafksi).

Enter the ultimate strain of the transverse reinforcement.

. If temperature effects are chosen to be included, these boxes will tfer@aljustments

made to the yield strength and ultimate strain of the mild steel reinfonté&mmn that

entered in steps G and I.

If prestressing steel does not exist, continue to step Q; otherwise,

N: Select the type(s) of prestressing steel to be used.

O: Select the size(s) of prestressing steel to be used.

P:  Enter in the number of prestressing strands, bars and wires.

If a user defined section effectiveness, Ke, is desired, check this box arntienter
appropriate value. Note: for a steel shell, the effectiveness of theepition of the

section is also required.

Click w to calculate the Ke value(s) of the section or to update the user

defined Ke value in the program.
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S: Click on to continue. If you need to start over, cIicki . If you need to go

(<
back to a previous page, cIick!I .

If external soil pressure provides confinement on the section, skip to Sectiohr®19 skip
to Section B.10
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B.5 Rectangular Section Geometry and Circular Core
Skip to Section B.6 if the section type is not rectangular with circulaoregrent.
The rectangular section geometry page defines gross section dimensioteehlnd s
reinforcement within the section. The section’s geometry facilitathsd@termining the
effectiveness of the core as presented in Section 4.2.3.1. Figure B-4 belemigties
information required to perform a moment-curvature analysis on a rectasgci@an with a

circular core.

W Versatile Section Analysis Tool (VSAT)

File Geometry

=) [« [»]|| @ [#]

Section Details Concrete Layont

Depth A Inches ‘Cuncxete Inside Diameter ‘ D |Inches

Width B Inches

|D1st. Center to Cutside DfRei.nf.| C |Inches
Longitudinal Mild Steel Ho. of Bars | Bar Size Axeape.rBaI | Width

(g, in)

| Total Stesl E F =

Transverse (Tie) Reinforcement

Transverse Bar Size | G j| Depth - f— o " 7 Moment
Transverse Bar Style Spirals K B - Applied
Bat Bpacing (on centers) H Inches g

Tield Strength I Esi With Temp. Effects al |K_Sl |

Ultimate Strain J With Temp. Effecta 012 Hole

Prestressing Steel Reinforcement
| Sirands Tipe ﬂ niZe ﬂ |Axea ‘ 1] |Sq. In, _
| Bars Type L j Size M - |Axea ‘ 1} |Sq. In. Tie Spacing
| Wires Size - |Area ‘ i |Sq In
ELom
Steands v - O Oser Defined Ke Value
Bars F——
< Ke - ’7
Wites N ! ’ P Aeey
Mote: If Ke is 0, the concrete section is unconfined

Figure B-4: Defining Details of a Rectangular Section and Circular Ca

A: Enter the section depth (i.e. dimension orthogonal to the moment axis) in inches.

B: Enter the section width (i.e. dimension parallel to the moment axis) in inches.
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C: Enter the distance measured from the outer edge of the main (longitueimalcement
to the center of the section in inches.

D: If the section is hollow, enter the diameter of the hole at the center otctiese

inches.

Enter in the number of longitudinal mild steel reinforcing bars.

Select the mild steel deformed reinforcing bar size from the drop down men

. Select the bar size of the transverse reinforcement from the drop down men

I ¢ mm

Enter the transverse reinforcement spacing measured from centeteioicenches.

Enter the yield strength of the transverse reinforcement (ksi).

[

Enter the ultimate strain of the transverse reinforcement.

K: If temperature effects are chosen to be included, these boxes will ttey@aljustments
made to the yield strength and ultimate strain of the mild steel reinfont & that
entered in steps G and I.

If prestressing steel does not exist, continue to step O; otherwise,

L: Select the type(s) of prestressing steel to be used.
M: Select the size(s) of prestressing steel to be used.
N: Enter in the number of prestressing strands, bars and wires.
O: If a user defined section effectiveness, Ke, is desired, check this box antienter t

appropriate value.

P: Click w to calculate the Ke value of the section or to update the value of Ke

within the program for a user defined value.

. > . o=
Q: Click on J to continue. If you need to start over, click Q . If you need to go

4
back to a previous page, cIickg .

If external soil pressure provides confinement on the section, skip to SectidhnB19 skip
to Section B.10
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B.6 Rectangular Section Geometry and Rectangular Core
Skip to Section B.7 if the section is not rectangular with rectangrifdorcement.
The rectangular section geometry page defines gross section dimensisteeand
reinforcement within the section. The section’s geometry facilitaithisdetermining the
effectiveness of the core as presented in Section 4.2.3.1. Figure B-5 belemigties
information required to perform a moment-curvature analysis on a rectasgci@an with a

rectangular core.

W Versatile Section Analysis Tool (VSAT)
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Mote: If Ke is 0, the concrete section is unconfined

Figure B-5: Defining Details of a Rectangular Section and Rectangular Cer

A: Enter the section depth (i.e. dimension orthogonal to the moment axis shown) in inches.

B: Enter the section width (i.e. dimension parallel to the moment axis shown) is.inche
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C: Enter the cover thickness measured from the outer edge of the main (longitudinal
reinforcement to the outer edge of the section in inches.

If the section is hollow, enter the depth of the hole at the center in inches.

If the section is hollow, enter the width of the hole in inches.

Enter in the number of longitudinal mild steel reinforcing bars in tle telesion zone.

Select the mild steel deformed reinforcing bar size from the drop down men

I @ T mao

Enter in the number of longitudinal mild steel reinforcing bars in thessed® zone.

Enter in the number of longitudinal mild steel reinforcing bars in commmesteel zone.
Select the bar size of the transverse reinforcement from the drop down me
Enter the transverse reinforcement spacing measured from centeteoioenches.
Enter the yield strength of the transverse reinforcement (ksi).

. Enter the ultimate strain of the transverse reinforcement.

z =0 X &

If temperature effects are chosen to be included, these boxes will revadjdstments
made to the yield strength and ultimate strain of the mild steel reinfonteme

O: Enter the total number of legs in the horizontal direction, parallel to the width.

P: Enter the total number of legs in the vertical direction, parallel to the depth.

If prestressing steel does not exist, continue to step V; otherwise,

Q: Select the type(s) of prestressing steel to be used.

R: Select the size(s) of prestressing steel to be used.

S:  Enter in the number of prestressing strands, bars and wires in the tension zone.
T: Enter in the number of prestressing strands, bars and wires in the diderstee

U: Enter in the number of prestressing strands, bars and wires in the coompress.

V: If a user defined section effectiveness, Ke, is desired, check this box anthenaue.

W: Click w to calculate the Ke value of the section or to update the value of Ke

within the program for a user defined value.

. > . . Jo=
X: Click on J to continue. If you need to start over, click Q . If you need to go

L |
back to a previous page, cIickg .

If external soil pressure provides confinement on the section, skip to Sectiohri®19 skip

to Section B.10

www.manaraa.com



138

B.7 Octagonal Section Geometry

Skip to Section B.8 if the section is not octagonal.

The octagonal section geometry page defines gross section dimensionsland stee
reinforcement within the section. The section’s geometry facilitathsd@termining the
effectiveness of the core as presented in Section 4.2.3.1. Figure B-6 belemigties

information required to perform a moment-curvature analysis on an octagotiahs

| Versatile Section Analysis Tool (VSAT)
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Figure B-6: Defining Details of an Octagonal Section
A: Enter the section width in inches.

B: Enter the distance measured from the outer edge of the main (longituelimf@ijcement
to the center of the section in inches.
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C: If the section is hollow, enter the diameter of the hole at the center ottlmnse
inches.

D: Enter in the number of longitudinal mild steel reinforcing bars.

E: Select the mild steel deformed reinforcing bar size by seleztae from the drop down
menu.

F: Select the bar size of the transverse reinforcement by choosaggfeom the drop down
menu.

G: Enter the transverse reinforcement spacing measured from centatetocenches.

H: Enter the yield strength of the transverse reinforcement in kipsgpare inch (ksi).

I:  Enter the ultimate strain of the transverse reinforcement.

J: If temperature effects are chosen to be included, these boxes vélltrevadjustments
made to the yield strength and ultimate strain of the mild steel reinferddrom that
entered in steps G and I.

If prestressing steel does not exist, continue to step N; otherwise,

K: Select the type(s) of prestressing steel to be used.
L: Select the size(s) of prestressing steel to be used.
M: Enter in the number of prestressing strands, bars and wires.
N: If a user defined section effectiveness, Ke, is desired, check this box anthenter

appropriate value.

O: Click w to calculate the Ke value(s) of the section or to update the user

defined Ke value in the program.

. > . . o=
P: Click on J to continue. If you need to start over, click Q . If you need to go

4
back to a previous page, cIickg .

If external soil pressure provides confinement on the section, skip to Sectidhr®19 skip
to Section B.10
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B.8 H-Shaped Section Geometry
The H-shaped section geometry page defines gross section dimensiongland ste
reinforcement within the section. Figure B-7 below presents the inflomauired to

perform a moment-curvature analysis on a H-shaped section.

W Versatile Section Analysis Tool (VSAT)
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Figure B-7: Defining Details of a H-Shape Section

. Enter the section overall depth in inches.

Enter the first flange depth D1 in inches as shown in the figure.

A
B
C: Enter the second flange depth D2 in inches as shown in the figure.
D: Enter the section overall width in inches.

E

Enter the width of the concrete web, W1, in inches as shown in the figure.
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F: Enter the total number of layers of prestress reinforcement predieint thve section.

Steps G through K should be repeated until all layers of prestress reinforcememtérave
defined.
G: Enter the layer number to be defined.
H: Enter the distance measured from the top of the section to the centeffiaee of t
prestressing reinforcement in inches.

I: Enter in the number of prestressing strands, bars and wires.

J: ClickL to finish defining that layer of reinforcement or update a
previously defined layer.

K: Check to see if the reinforcement layer has been successfully addeccanect. If
more layers of reinforcement need be defined, go back to step G. Otherwise,
continue to step L.

L: Select the type(s) of prestressing steel to be used.

M: Select the size(s) of prestressing steel to be used.

. [ 2 . .o
N: Click on J to continue. If you need to start over, click Q . If you need to go

|
back to a previous page, cIickg .

Skip to Section B.10
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B.9 External Soil Pressure

Continue to the next page if external soil pressure is not present.

The external soil pressure option allows the user to enter a constant soil confineme
pressure for the section and define how effectively the pressure conéreesction in the
analysis. Note that only a constant pressure is available in this version @f \Fsgure B-8

below presents the expected information for a rectangular section witlaag@eir core.

Wi Versatile Section Analysis Tool (VSAT)
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Figure B-8: Defining an External Soil Pressure for Confinement of a Séon

A: Enter the effectiveness to which the soil pressure confines the section.

B: Enter the soil pressure acting on the section in pounds per square inch (psi).

C:. Click w to add or update the soil parameters to the section.

D: Click on the icons as needed.
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B.10 Defining Properties of Concrete
The concrete material section allows the user to specify unconfined eoppéerties
for normal concrete, a transverse reinforcement stress-strain gragriédsle confining
normal concrete, and properties for ultra-high performance concrete (UHREstress-
strain curves created for normal concrete without temperature effeet§igure B-9),
normal concrete with temperature effects (see Figure B-10), variabipedmiormal
concrete (see Figures B-11 and B-12), and UHPC (see Figure B-13) areatexdnal
Sections 4.2.3, 4.2.8.1, 4.2.3.3 and 4.2.3.6, respectively. The following sections present the

expected input for defining the properties of normal concrete or UHPC.

B.8.1 Properties of Concrete without Temperature Effects

® Versatile Section Analysis Tool (VSAT)
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Figure B-9: Defining Material Properties of Concrete without Tempeature Effects
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A: Enter the unconfined compressive strength of concrete in psi.

m

Enter the strain at which the unconfined concrete strefigtis,reached (in./in.).

C: The strain limit of confined concrete as per Paulay and Priestley (I8%®ction
4.2.3.5, is displayed. Alter this value if desired. Beyond this strain limit, the cencret
stress contribution is assumed to be zero.

D: If a user defined spalling concrete strain is desired, check the apfeapimn and enter
a desired, but realistic, strain value (in./in.).

E: Define the concrete strength by selecting the “Strain Linfitré'ss Limit”, or “Zero

Tension Capacity” option. If the strain limit is selected, enter the appiropaaie. If

the strength limit is chosen, define the tensile strength in termﬂ?o(fe.g., a value of 6
is interpreted a6,/ f; (psi)).

F: Click i to update the graph in the display window.
G: Click on ﬂ to continue. If you need to start over, click Q . If you need to go

|
back to a previous page, cIickg .

If mild steel is present in the section skip to Section B.11 otherwise skipttorSBcl 2
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B.8.2 Properties of Concrete with Temperature Effects

W Versatile Section Analysis Tool (VSAT)
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Figure B-10: Defining the Properties of Concrete with Temperaturdeffects

oo w2

Enter the percentage of water content by weight.

Enter the unconfined compressive strength of concrete in psi.

Enter the strain at which the unconfined concrete strefigils,reached (in/in).

The strain limit of confined concrete as per Paulay and Priestley (I89R22.3.5, is

displayed. Alter this value if desired. Beyond this strain limit, the consiretes

contribution is assumed to be zero.

E: If a user defined spalling concrete strain is desired, check the appeayption and enter

a desired, but realistic, strain value (in/in).

F: Define the concrete strength by selecting the “Strain Limgtre'ss Limit”, or “Zero

Tension Capacity” option. If the strain limit is selected, enter the appopaaie. If
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the strength limit is chosen, define the tensile strength in termﬂ?oﬁe.g., a value of 6
is interpreted a6,/ f; (psi)).

G: Click w to update the graph in the display window.

. > . o
H: Click on J to continue. If you need to start over, click J . If you need to go

L |
back to a previous page, cIickg .

If mild steel is present in the section skip to Section B.11 otherwise skipttorSBcl 2

B.8.3 Properties of Concrete with Variable Confinement

W VYersatile Section Analysis Tool (VSAT)
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Figure B-11: Defining the Properties of Concrete with Variable Confiement
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Figure B-12: Defining theTransverse Mild Steel Reinforcement Properties for Concre!
with Variable Confinement

A: Check the “Sophisticated Concrete Model” box.

Transverse Propetties

B: Click to define the stress-strain behavior of the transverse

reinforcement.

C: Choose between the “Sophisticated Model” and “Simplified Model” options. The
sophisticated model may be chosen only if all required values, as shown in the display
section of Figure B-12, are known; otherwise choose the simplified model. Noife that
temperature effects are used, the known properties of the steel reinforsbalebé
entered under the “Known Prop.” column of Figure B-12. The “Analysis” column, as

indicated by the red box in Figure B-12 will automatically be updated.

If “Sophisticated Model” was chosen, provide the following parameters:

D: Specify the yield strength, fy, in ksi.

E: Specify the strain corresponding to the yield strength specifiedéiy, Bin/in).
F: Specify the hardening strain, €sh, (in/in).
G

. Specify an arbitrary stress on the hardening portion of the curve, fx, in ksi
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Specify the strain corresponding to the arbitrary stress sgeiifte, €x, (in/in).
Specify the ultimate strength, fsu, in ksi.

Specify the strain corresponding to the ultimate strength speafiedésu, (in/in).

Click m to update the graph in the display window. Continue to step L.

If “Simplified Model” was chosen, provide the following parameters:

D:
E:

Specify the yield strength, fy, in ksi.

A default yield strain, €y, is calculated assuming E = 29,000 ksi. $pecibre
appropriate value if desired (in/in).

A default hardening strain, €sh, of 3.24*€y is used. Specify a more appmailiz
if desired (in/in).

Not Used for this model.

Not Used for this model.

A default ultimate strength, fsu, of 1.5*fy is used. Specify a more apatepalue
if desired in ksi.

A default strain ultimate strain, €su, of 0.12 in/in is used. Specify a mompapf®

value if desired (in/in).

Click w to update the graph in the display window. Continue to step L.

L: Enter the unconfined compressive strength of concrete in psi.

M: Enter the parameter, a default value of 20 has been used as recommended by Hose et al.
(2001).

N: Enter the parametéy a default value of 1/3 has been used as recommended by Hose et
al. (2001).

O: Enter the strain at which the unconfined concrete strefijgils,reached (in/in).

P: The strain limit of confined concrete as per Paulay and Priestley (99922,3.5, is

displayed. Alter this value if desired. Beyond this strain limit, the consiretes

contribution is assumed to be zero.
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Q: If a user defined spalling concrete strain is desired, check the appeaption and enter
a desired, but realistic, strain value (in/in).

R: Define the concrete strength by selecting the “Strain Linf&tré'ss Limit”, or “Zero
Tension Capacity” option. If the strain limit is selected, enter the appr®pakue. If

the strength limit is chosen, define the tensile strength in tern]@o(fe.g., a value of 6
is interpreted a6,/ f/ (psi)).

S: Click &l to update the graph in the display window.

T. Click onﬂ to continue. If you need to start over, cIick . If you need to go
back to a previous page, cIickEl .

If mild steel is present in the section skip to Section B.11 otherwise skipttorSBcl 2
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B.8.4 Properties of UHPC

| Versatile Section Analysis Tool (VSAT)

File Geometry Material Properties

sl (<l I»]| H

150

‘ Properties of Concrete

A oo |

Concrete Strength (fc)

Modulus Of Concrete (Ec)
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User Defined Emax
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\3\”&//&3 M| : ;o007

Figure B-13: Defining the Properties of UHPC

A: Check the “Ultra-High Performance Concrete” box if it has not alreagy done so for

you.

B: Enter the unconfined compressive strength of UHPC in psi.
C: Enter the elastic modulus of UHPC in ksi.

D: The strain limit of UHPC is displayed. Specify a reasonable valusiiede Beyond

this strain limit, the UHPC stress is assumed to be zero.
E: Enter the cracking stresg,, of UHPC in ksi.

F: Enter the maximum tensile streg§,,,,, of UHPC in ksi.
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G: Click &l to update the graph in the display window.

H: Click on to continue. If you need to start over, cIicki . If you need to go

(<
back to a previous page, cIick!I .

If mild steel is present in the section, continue to the next page; otherwise Skption
B.12
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B.11 Defining Properties of Mild Steel Reinforcement

The properties of a mild steel reinforced section allow the user to spesxifiable
stress-strain behavior. The steps provided in Section 4.2.4 will aid in the definingdthe m
steel reinforcement properties without accounting for any temperafaotsefsee Figure B-
14) while Section 4.2.8.2 defines the properties with temperature effeciEidae= B-15).
The following information presents the expected information for defining the pexpeft

mild steel reinforcement.

B.9.1 Properties of Mild Steel Reinforcement without Temperature Effec

"3 Versatile Section Analysis Tool (V-5AT) E]@

File Geometry Material Properties

g1 |«

| Properties of Mild Steel Reinforcement

A " Sophisticated Model

 Bimplified Model Rebar Stress-Strain Curve
Symbol
Tield Btress (kei) B fir
Yield Strain C £
Vield Btress (ksi) iy
Hardening Strain D £sh
Hardening Stress (ks E fr
Corr. Hardening Strain F €x
(Ey) £y
Ultimate Strength (ks G fsu 70
Ultimate Strain H €su Stress (ksi)

60

30

| Anot

Figure B-14: Defining Mild Steel Reinforcement Properties witlout Temperature
Effects
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A: Choose between the “Sophisticated Model” and “Simplified Model” options. The

sophisticated model may be chosen only if all required values, as shown in the display

section of Figure B-14, are known; otherwise choose the simplified model.

If “Sophisticated Model” was chosen, provide the following parameters:

B:

I G T mOoao

Specify the yield strength, fy, in ksi.

Specify the strain corresponding to the yield strength specifiedéip, Bin/in).
Specify the hardening strain, €sh, (in/in).

Specify an arbitrary stress on the hardening portion of the curve, fx, in ksi
Specify the strain corresponding to the arbitrary stress spkicifie, €x, (in/in).
Specify the ultimate strength, fsu, in ksi.

Specify the strain corresponding to the ultimate strength speciftéd€su, (in/in).

Click w to update the graph in the display window.

Start
Over

. > . .
Click or J to continue. If you need to start over, click . If you need to go

4
back to a previous page, cIickg .

Skip to Section B.12 if prestressing is provided; otherwise skip to Section B.13

If “Simplified Model” was chosen, provide the following parameters:

B:
C:

Specify the yield strength, fy, in ksi.

A default yield strain, €y, is calculated assuming E = 29,000 ksi. Specitre
appropriate value if desired (in/in).

A default hardening strain, €sh, of 3.24*€y is used. Specify a more approprigge val

if desired (in/in).

E: Not Used in this model.

L

Not Used in this model.

G: A default ultimate strength, fsu, of 1.5*fy is used. Specify a more ajp®palue

if desired in ksi.

. A default strain ultimate strain, €su, of 0.12 in/in is used. Specify a morapaiope

value if desired (in/in).
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I: Click w to update the graph in the display window.

. > . . o
J: Click or J to continue. If you need to start over, click Q

. If you need to go

4
back to a previous page, cIickg .

Skip to Section B.12 if prestressing is provided; otherwise skip to Section B.13

B.9.2 Properties of Mild Steel Reinforcement with Temperature Effects

The known properties of the steel reinforcement shall be entered under the “Known

Prop.” column of Figure B-15 and have been provided with default values based upon the

testing described in Chapter 3 of this thesis. The “Analysis” column, as irttimatee red

box in Figure B-15, will automatically show the temperature adjusted psrane

"3 Versatile Section Analysis Tool (V-5AT)

=)

File Geometry Material Properties

=] <] 2]

A

| Properties of Mild Steel Reinforcement

" Bimplified Model

Enown Prop. Analysis Symbol
Temperature (Deg C)
Tield Stress (ksi) B fir
Yield Strain C €
Tield Btress cksi) fir
Hardening Strain D £sh
Hardening Stress (ksi) E fix
Corr. Hardening Strain £x
Ultimate Strength (ksi) F fsu
Ultimate Strain G €su

Rebar Stress-Strain Curve

T (€5, fsu

90

(Eyy 1y,
Ul [peeeffeeonsssssdoocossadpecacccchossossadosscosadoscsssadpossaaaay
s (ksi)
S

H Apply

Figure B-15: Defining Mild Steel Reinforcement Properties wit Temperature Effects
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A: Choose between the “Sophisticated Model” and “Simplified Model” options. The

sophisticated model may be chosen only if all required values, as shown in the display

section of Figure B-15, are known; otherwise choose the simplified model.

If “Sophisticated Model” was chosen, provide the following parameters:

B:

Specify the yield strength, fy, in ksi. Only grade 60 mild stedi teinperature

effects is supported in VSAT and thus any specified steel propertiesesteat the

A706 Grade 60 temperature property changes. If another grade of reinforcement
used, the known temperature and analysis temperatures must be the same value. Go
back to Section B.3 if needed.

Specify the yield strain, €y, (in./in.). Specify a more appropridte\at the chosen
temperature if desired.

Specify the hardening strain, €sh, (in./in.). Specify a more appropaiate at the

chosen temperature if desired.

. Specify the arbitrary strain, fx, in ksi. Due to the effects of temerdeing used,

the stress at a strain of 0.03 in./in. has been provided. Specify a more appropriate
value at the chosen temperature for 0.03 in./in. strain if desired.
Specify the ultimate strength, fsu, in ksi. Specify a more appropriaie aiethe

chosen temperature if desired.

. Specify the ultimate strain, €su, (in,/in.). Specify a more appreprédiie at the

chosen temperature if desired.

. Click w to update the graph in the display window.

Start
Over

. » . .
Click on J to continue. If you need to start over, click . If you need to go

|
back to a previous page, cIickg .

Continue to Section B.12 if prestressing is provided; otherwise skip to Section B.13
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If “Simplified Model” was chosen, specify the following parameters:

B: Yield strength, fy, in ksi. Only grade 60 mild steel with temperatifieets is
supported in VSAT and thus any specified steel properties shall refle&T @ite
Grade 60 temperature property changes. If another grade of reinforcemsed |
the known temperature and analysis temperatures must be the same value. Go back
to Section B.3 if needed.

C. A default yield strain, €y, is calculated assuming E = 29,000 ksi. Speutidyea
appropriate value at the chosen temperature if desired (in/in).

D: A default hardening strain, €sh, of 3.24*€y is used. Specify a more approprage val
at the chosen temperature if desired (in/in).

E: Note used in this model.

F: A default ultimate strength, fsu, of 1.5*fy is used. Specify a more apatepalue
at the chosen temperature if desired in ksi.

G: A default strain ultimate strain, €su, of 0.12 in/in is used. Specify a more appgopri

value at the chosen temperature if desired (in/in).

H: Click w to update the graph in the display window.

Start
Over

I: Click on ﬂ to continue. If you need to start over, click . If you need to go

L |
back to a previous page, cIickg .

Continue to Section B.12 if prestressing is provided; otherwise skip to Section B.13
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B.12 Defining Properties of Prestressing Steel Reinforcement

The prestressing steel material properties page allows the userify gpekey
parameters for defining the stress-strain behavior of prestregsamgls, bars and wires in
Sections B.12.1, B.12.2, and B.12.3, respectively. Note that any prestressisigdokl be
accounted for when defining the initial prestress. The following stepaidiin completion
of the prestressing steel properties page (see Figure B-16, Figure B-2gjunedd-26). For
technical details about the chosen prestressing steel material mdeels 8ection 4.2.5.

B.12.1Prestressing Strands
Skip to Section B.12.2 if prestressing strands are not present within tloa secti

W Versatile Section Analysis Tool (VSAT)

Flle Geometry Material Properties

=] [ ] P (@

Properties of Prestressing Steel

A Strands | Bats Wires

Strands Strand Prestressing Steel
Menegotto and Pmto Equation . . . 0

B posoosoatonsonoey Foomcomafian gt

Elastic Modulus (ksi)
B & 270 ksi (predefined) Uttimate Strength (ks 250
" User Defined Ultimate Strain (infir])
Tield Btrength (ksi)

Yield Steain (inir) 200

225
Tadros and Devalapura Equation

270 kst (predefined, fpy = 0.90*5u)
270 ksi (predefined, fpy = 0.85*fpu)
250 ksi (predefined, fpy = 0.90*5w)
250 ksi (predefined, fpy = 0.85*fu)
" User Defined {simplified model)

Caption M

" User Defined {(sophusticated model) 1o0]
Caption K

oy}

Stress (ksi)y 5

Initial Btress (ksi)

Percent Loss 150

oo

125

Caption Q F5 -

50

25 = ; - =4
O Aeel i i i i i i
00l 002 003 004 005 006

I ‘Stress in Concrete Due to Prestress (pei) | 1] I

Figure B-16: Defining Prestressing Strand Properties
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A: Click on Steands to show the prestressing strand information window.

B: Choose a suitable stress-strain model.

If you chose a “predefined” option, follow the steps below and use Figure B-17 as a
guide. As shown in the figure, only two values are not predefined. Either a model gfesente
by Menegotto and Pinto (1973) or Devalapura and Tadros (1992) may be used.

|Elast'u: Modulus (ksi)

|
Ultimate Strength (ksi) .
Imﬁmate Ty } Menegotto and Pinto Tadros and Devalapura
= - - |Captinn A |
|he1d Strength (kst) ‘ |Capunn ) | _
= == - |Capnnn B |
|“i1e1d Strain (in/in) ‘ |{;apmm K | OR _
. |Capnnn T |
|Capuan | |{j — |
aption
|]n.itial Stress (ksi) ‘ C
|Percent Loss ‘ D

Figure B-17: Defining the Stress-Strain Model for Prestressigp Strands

C. Specify the initial prestressing strand stress in ksi.
D: Specify the percent loss of prestressing at after tranéfigre entered stress in step C

includes losses, leave this value as 0. Continue with step O at the end of this section.
If you chose “User Defined” under Menegotto and Pinto (1973), follow the steps below

and use Figure B-18 as a guide. All input labeled C through L may be altexetk(teon

4.2.5.1 for more information) and they are defined below.
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|Elasti-: Modutus (ksi) | C

|U1timate Strenzth (ksi) | D

|U1timate Strain (in/in) | E

|“fie1d Strengsth (ksi) | = |Captinn N | J

|“fie1d Strain (inin) | G |Captinn K | K
|Captinn ] | L

|Initial Stress (ksi) | H

| Percent Loss | |

Figure B-18: Defining the Menegotto and Pinto (1973) Stress-Strain Modédr
Prestressing Strands

Specify the elastic modulus in ksi.

Specify the ultimate strength in ksi.

Specify the strain corresponding to the ultimate strength definegpigiin/in).
Specify the yield strength (ksi) at the appropriate straintoffse

Specify the strain corresponding to the yield strength defined in stefnly.

I o mmoo

Specify the initial prestress in the strands in ksi.

I: Specify the percent loss of prestressing at after tranfére entered stress in step H
includes losses, leave this value as 0. Continue with step O at the end of this section.

I: Specify the model constant N.

J: Specify the model constant K.

K: Specify the model constant Q. Continue with step O at the end of this section.

If you chose “User Defined (simplified model)” under Devalapura andoad 992),

follow the steps below and use Figure B-19 as a guide. All input labeled C tiNaugly
be altered (see Section 4.2.5.2 for more information) and they are defined below.
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|1t'1i1:ial Stress (ksi)

|Elastic Modulus (ksi) | C
|L'11:imate Strength (ksi) | D
|Ultimate Strain (in'in) | E |Caption & | K
| Yield Strength (ks | F |CaptionB | L
| Yield Strain (in'in) | G [CaptionC | M
[£50 (defautt 104 fpy) | H [CaptionD | N
|
|

| Percent Loss

Figure B-19: Defining the Simplified Devalapura and Tadros (1992) Model for

nmo o

Prestressing Strands

Specify the elastic modulus in ksi.

Specify the ultimate strength in ksi.

Specify the strain corresponding to the ultimate strength in stegib).(i

Yield strength (ksi) at the appropriate strain offset. The defaldt sirength, fpy, is
0.9 * fpu. If desired, enter appropriate yield strength in ksi.

G: Specify the strain corresponding to the yield strength in step F (in/in)

K
L:
M:
N

. The stress corresponding to the point of intersection of the two linear portions of the
stress-strain curve, fso, where the default value is 1.04 * fpy. If desited agn
appropriate fso value.

Specify the initial prestress in the strands in ksi.
Specify the percent loss of prestressing at after trariétbe entered stress in step |

includes losses, leave this value as 0.

. If desired, alter the model constant A.

If desired, alter the model constant B.
If desired, alter the model constant C.

. If desired, alter the model constant D. Continue with step O at the end ottlua.se

If you chose “User Defined (sophisticated model)” under Devalapuraasrdg (1992),

follow the steps below and use Figure B-20 as a guide. All input labeled C througly M m

be altered (see Section 4.2.5.2 for more information) and they are defined below.
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|E1astin: Modulus (ksi) | C

|Ultimate Strength (ksi) | D

| Ultimate Strain (in'in) | E |Caption & | J

| Yield Strenzth (ksi) | F |CaptionB | K

| Yield Strain (in/in) | G |CaptionC | L
| Caption D | M

|It]itial Stress (ksi)

T

|Percent Loszs | |

Figure B-20: Defining the Sophisticated Devalapura and Tadros Model for Rstressing

Strands
C. Specify the elastic modulus in ksi.
D: Specify the ultimate strength in ksi.
E: Specify the strain corresponding to the ultimate strength in stegib).(i
F: Specify the yield strength (ksi) at the appropriate straintoffse
G: Specify the strain corresponding to the yield strength in step i) (in/i
H: Specify the initial prestress in the strands in ksi.
I: Specify the percent loss of prestressing at after tranfére entered stress in step H
includes losses, leave this value as 0.
J: Specify the model constant A.
K: Specify the model constant B.
L: Specify the model constant C.
M: Specify the model constant D. Continue with step O at the end of this section.
O: Click it ‘ to update the graph in the display window. The stress in concrete

due to prestress is updated for all prestressing types that exist.

. [ 2 . . o
P: Click on J to continue. If you need to start over, click Q . If you need to go

|
back to a previous page, cIickg .
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B.12.ZPrestressing Bars

Skip to Section 3.12.3 if prestressing bars are not present within thensecti

W Versatile Section Analysis Tool (VSAT)

File Geametry Material Properties

ERICRR.

Properties of Prestressing Steel

Strands | A Bars | Wites |

Bars Bar Prestressing Steel

Menegotto and Pinto Equation

Flastic Modulus (ks])
B & 160 kst (predefined) Ultimate Strength (ks 10
" User Defined itimate Strain (infin)
Tield Btrength (ksi) 124
Yield Strain (infin)

Tadros and Devalapura Equation

150 ksi {predefined, fpy = 0.85*fpu)

B o
150 ki (predefined, fyy = 0.50%5w) [t ieess G C s (g
" User Defined (simplified model) |P o |
ercent Loss
O Uger Defined (sophisticated model) D 5
Constant H
Constant K 50 b
Constant 0
S : ; : : : : : :
Aty ; : ; : : ; : ;
O 0oos 001 0n1s 002 0023 003 0033 004
Strain
I ‘Stress in Concrete Due to Prestress (psi) | a I

Figure B-21: Defining Prestressing Bar Properties

A: Click on \L‘ to show the prestressing bar information in display the window.

B: Choose a suitable stress-strain model.
If you chose a “predefined” option, follow the steps below and use Figure B-22 as a

guide. As shown in the figure, only two values are not predefined. Either a model mresente

by Menegotto and Pinto (1973) or Devalapura and Tadros (1992) may be used.
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|E1astiu: Modulus (ksi)

|Ultimate Strength (lsi)

|Ultimate Strain (in/in)

163

|‘1’ie1d Strensth (ksi)

|‘1’ie1d Strain (in/in)

|]nitial Stress (ksi)

C

| Percent Loss

D

Menegotto and Pinto Tadros and Devalapura
| Caption N | | Capt?on - |
| Caption K | OR | Captfoﬂ B |
| Caption Q | | Caption C |
| Caption D |

Figure B-22: Defining the Stress-Strain Model for Prestressing &s

C: Enter the initial prestressing bar stress in ksi.

D: Enter the percent loss of prestressing at after transfer. Ihtieed stress in step C

includes losses, leave this value as 0. Continue with step O at the end of this section.

If you chose “User Defined” under Menegotto and Pinto (1973), follow the steps below

and use Figure B-23 as a guide. All input labeled C through L may be altexesk(teon

4.2.5.1 for more information) and they are defined below.

|Elasti|: Modulus (ksi) | C
|Ultimate Strength (ksi) | D
|Ultimate Strain (in/in) | E
|“fie1d Strength (ksi) | F |Captinn N | J
|“fie1d Strain (in/in) | G |Captinn K |

|Captinn Q | L
|Iﬂitial Stress (ksi) | H

| Percent Loss

Figure B-23: Defining the Menegotto and Pinto Stress-Strain Model foPrestressing

Bars

C. Specify the elastic modulus in ksi.

D: Specify the ultimate strength in ksi.

E: Specify the strain corresponding to the ultimate strength definegbifbstin/in).
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Specify the yield strength (ksi) at the appropriate straintoffse
Specify the strain corresponding to the yield strength defined in giefnf.

I O m

Specify the initial prestress in the bars in ksi.

I: Specify the percent loss of prestressing at after tranfére entered stress in step H
includes losses, leave this value as 0. Continue with step O at the end of this section.

I: Specify the model constant N.

J. Specify the model constant K.

K: Specify the model constant Q. Continue with step O at the end of this section.

If you chose “User Defined (simplified model)” under Devalapura andoad 992),
follow the steps below and use Figure B-24 as a guide. All input labeled C tiNaugly
be altered (see Section 4.2.5.2 for more information) and they are defined below.

|It]itial Stress (ksi)

| Elastic Modulus (k) | C
|L'11:i.mate Strength (ksi) | D
| Ultimate Strain (in'in) | E |Caption & | K
| Yield Strength (k) | F |CaptionB | L
| Yield Strain (in'in) | G [CaptionC | M
[£50 (defautt 104+ fpy) | H [CaptionD | N
|
|

| Percent Loss

Figure B-24: Defining the Simplified Devalapura and Tadros Model folPrestressing
Bars

Specify the elastic modulus in ksi.
Specify the ultimate strength in ksi.
Specify the strain corresponding to the ultimate strength in stegib).(i

nmo o

Yield strength (ksi) at the appropriate strain offset. The defaldt sirength, fpy, is
0.9 * fpu. If desired, enter appropriate yield strength in ksi.
G: Specify the strain corresponding to the yield strength in step F (in/in)
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H: Stress corresponding to the point of intersection of the two linear portidmes of t
stress-strain curve, fso, where the default value is 1.04 * fpy. If desited agn
appropriate fso value in Kksi.

I: Specify the initial prestress in the bars in ksi.

J. Specify the percent loss of prestressing at after traribtee entered stress in step |
includes losses, leave this value as 0.

K: If desired, alter model constant A.

L: If desired, alter model constant B.

M: If desired, alter model constant C.

N: If desired, alter model constant D. Continue with step O at the end of tihi& sect

If you chose “User Defined (sophisticated model)” under Devalapuraasrdg (1992),
follow the steps below and use Figure B-25 as a guide. All input labeled C throongty M

be altered (see Section 4.2.5.2 for more information) and they are defined below.

|Elastic Modulus (ksi) | C

[Ultimate Strength (ks) | D

| Ultimate Strain (in/in) | E Caption A | J

| Vield Strength (ksi) | F CaptionB | K

| Vield Strain (in/in) | G CaptionC | L
| CaptionD | M

|Iﬂitial Stress (ksi) | H

|Peru:ent Loss | |

Figure B-25: Defining the Sophisticated Devalapura and Tadros Model for Rstressing
Bars

Specify the elastic modulus in ksi.

Specify the ultimate strength in ksi.

Specify the strain corresponding to the ultimate strength in stegib).(i
Specify the yield strength (ksi) at the appropriate straintoffse

G T mo o

Specify the strain corresponding to the yield strength in step &) (in/i
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H: Specify the initial prestress in the bars in ksi.

I: Specify the percent loss of prestressing at after tranfére entered stress in step H
includes losses, leave this value as 0.

Specify the model constant A.

Specify the model constant B.

Specify the model constant C.

= T A<

: Specify the model constant D. Continue with step O at the end of this section.

Appl |
. Click il to update the graph in the display window. The stress in concrete

due to prestress is updated for all prestressing types that exist.

. Click onﬂ to continue. If you need to start over, cIicI< . If you need to go
back to a previous page, cIickEl .
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B.12.3Frestressing Wires

Skip to Section 3.13 if prestressing wires are not present within thersecti

W Versatile Section Analysis Tool (VSAT)

File Geometry Matsrial Froperties

=S r =

Properties of Prestressing Steel

Strands Bars |A Wires |
Wires Wire Prestressing Steel
IMenegotto and Pinto Equation Eiastic Modulus (D 8 B B 8 A
g ¢ m ey e e - IR e R e e e
" User Defined Utirats Stesin (/i) i A i i ; i : :
ield e
‘ Tadroz and Devalapura Equation Y::m er:;g(L:]f(:?
B 250 ksi (predefined, fpy = 0.90%fpu) g g 0 0 0 ! i i
250 kst (predefined, fpy = 0.85%Fou) |IniLialSLress(ksD ‘ C st il *1 '''''' r '''''' rv*v """" r ''''' ******
235 ks (predefined, fpy = 0.90%fpu) |PercenLLDss ‘ : : : : :
235 ksi (predefined, fpy = 0.85%fpu) D
¢ User Defined (simplified model)
° User Defined (zophisticated model) Constant N
Constant K | 1002 | ool b b
Clanstant )
O 4ok i : i i : i : :
00l o0z 003 004 005 005 007 008
Strain
I|Slxess in Concrete Due to Prestress (psi) | 0 I
Figure B-26: Defining Prestressing Wire Properties
. . Wires . . . . . . .
A: Click on to show the prestressing wire information in display the window.

B: Choose a suitable stress-strain model.
If you chose a “predefined” option, follow the steps below and use Figure B-27 as a

guide. As shown in the figure, only two values are not predefined. Either a model mresente
by Menegotto and Pinto (1973) or Devalapura and Tadros (1992) may be used.
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|E1as1:'u: Modulus (ksi)

|Ult1'.1'nate Strength (ksi)

168

|‘1’ie1d Strensth (lsi)

l
|Ult1'.1'nate Strain (inin) ‘
|
|

|‘1’ie1d Strain (in/in)

|]n.itial Stress (ki) ‘

C

|Peru:ent Loss ‘

D

Menegotto and Pinto Tadros and Devalapura
|Cap1:inn N | |Capt:mn . |
| Caption K | OR | Capt.mn B |
|Captinn ) | |Capunn C |
|Cap1:inn D |

Figure B-27: Defining the Stress-Strain Model for Prestressing Wes

C: Enter the initial prestressing wire stress in ksi.

D: Enter the percent loss of prestressing at after transfer. Ihtieed stress in step C

includes losses, leave this value as 0. Continue with step O at the end of this section.

If you chose “User Defined” under Menegotto and Pinto (1973), follow the steps below

and use Figure B-28 as a guide. All input labeled C through L may be altexegk(geon

4.2.5.1 for more information) and they are defined below.

|Elasti|: Modulus (ksi) | C
|Ultimate Strength (ksi) | D
|Ultimate Strain (in/in) | E
Yield Strength (ksi) | F |Captinn N | J
Yield Strain (in/in) | G |Captinn K |

|Captinn Q | L
|Iﬂitial Stress (ksi) | H

| Percent Loss

Figure B-28: Defining the Menegotto and Pinto Stress-Strain Model foPrestressing

Wires

C. Specify the elastic modulus in ksi.

D: Specify the ultimate strength in ksi.

E: Specify the strain corresponding to the ultimate strength definegbiibgtin/in).
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Specify the yield strength (ksi) at the appropriate straintoffse
Specify the strain corresponding to the yield strength defined in giefnf.

I O m

Specify the initial prestress in the wires in ksi.

I: Specify the percent loss of prestressing at after tranfére entered stress in step H
includes losses, leave this value as 0. Continue with step O at the end of this section.

I: Specify the model constant N.

J. Specify the model constant K.

K: Specify the model constant Q. Continue with step O at the end of this section.

If you chose “User Defined (simplified model)” under Devalapura andoad 992),
follow the steps below and use Figure B-29 as a guide. All input labeled C tiNaugly
be altered (see Section 4.2.5.2 for more information) and they are defined below.

|It]itial Stress (ksi)

| Elastic Modulus (k) | C
|L'11:i.mate Strength (ksi) | D
| Ultimate Strain (in'in) | E |Caption & | K
| Yield Strength (k) | F |CaptionB | L
| Yield Strain (in'in) | G [CaptionC | M
[£50 (defautt 104+ fpy) | H [CaptionD | N
|
|

| Percent Loss

Figure B-29: Defining the Simplified Devalapura and Tadros Model for Restressing
Wires

Specify the elastic modulus in ksi.
Specify the ultimate strength in ksi.
Specify the strain corresponding to the ultimate strength in stegib).(i

nmo o

Yield strength (ksi) at the appropriate strain offset. The defaldt sirength, fpy, is
0.9 * fpu. If desired, enter appropriate yield strength in ksi
G: Specify the strain corresponding to the yield strength in step F (in/in)
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H: Stress corresponding to the point of intersection of the two linear portidmes of t
stress-strain curve, fso, where the default value is 1.04 * fpy. If desited agn
appropriate fso value in Kksi.

I:  Specify the initial prestress in the wires in ksi.

J. Specify the percent loss of prestressing at after traribtee entered stress in step |
includes losses, leave this value as 0.

K: If desired, alter model constant A.

L: If desired, alter model constant B.

M: If desired, alter model constant C.

N: If desired, alter model constant D. Continue with step O at the end of tid® sec

If you chose “User Defined (sophisticated model)” under Devalapuraasrdg (1992),
follow the steps below and use Figure B-30 as a guide. All input labeled C throongty M

be altered (see Section 4.2.5.2 for more information) and they are defined below.

|Elastic Modulus (ksi) | C

[Ultimate Strength (ks) | D

| Ultimate Strain (in/in) | E Caption A | J

| Vield Strength (ksi) | F CaptionB | K

| Vield Strain (in/in) | G CaptionC | L
| CaptionD | M

|Iﬂitial Stress (ksi) | H

|Peru:ent Loss | |

Figure B-30: Defining the Sophisticated Devalapura and Tadros Model for Rstressing
Wires

Specify the elastic modulus in ksi

Specify the ultimate strength in ksi.

Specify the strain corresponding to the ultimate strength in stegib).(i
Specify the yield strength (ksi) at the appropriate straintoffse

G T mo o

Specify the strain corresponding to the yield strength in step F (in/in)
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H: Specify the initial prestress in the wires in ksi.

I: Specify the percent loss of prestressing at after tranfére entered stress in step H
includes losses, leave this value as 0.

Specify the model constant A.

Specify the model constant B.

Specify the model constant C.

= T A<

: Specify the model constant D. Continue with step O at the end of this section.

Appl |
. Click il to update the graph in the display window. The stress in concrete

due to prestress is updated for all prestressing types that exist.

. Click onﬂ to continue. If you need to start over, cIicI< . If you need to go
back to a previous page, cIickEl .
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B.13 Analysis Parameters

The analysis parameters page allows the user to specify different tersathat may
improve the analysis results. Although the steps provided will aid in the complettma of
analysis parameters (see Figure B-31), the default parameterspmcted to provide

satisfactory results.

W Versatile Section Analysis Tool (VSAT)

File Geometry Material Properties

Start
Over

<] [*] I

Strip Layout Final Section
Bitrip Contains Chaantity Strip Bize

Cover Concrete A

Cover and Core Concrete B

Hole, Cover and Core Concrete

Total Number of Strips Used |

C Apply

Variables to Define Moment vs. Curvature Plot:

Analysis Results

Acceptable P Ervor (percent) D

Humher of Moment-Curvature Points to he Generated

Criteria for the Ultimate Condition:

[V Maviroase Conerete Strain ,W
7 Initisl Maximum Tensile Steel Steain [ F
[ Maximam Prestressing Strain 003
Iv Include Prestress in Compression Until a Strain of: G

[V Moguetit Falls Below 80% Meaxdmum Moment Capacity

H Analyze Section

Figure B-31: Defining the Analysis Parameters in VSAT

A: Enter an even number of strips that will adequately discretize the coverete. The
default value assumes the closest even number of strips that allows atbtap®25 in.

(0.10 in. for H-Shaped section) in the direction parallel to the analysis axis.

www.manaraa.com



173

B: Enter an even number of strips that will adequately discretize teettre section.
These strips will consist of both cover and core concrete, which will be s&piarthe
analysis. The default value assumes the closest even number of stripgwsaaatrip
with of 0.25 in. (0.10 in. for H-Shaped section) in the direction parallel to the analysis
axis.

Appl . .
i to recalculate the strip.sizes

C: If boxes A or B were changed, clit

D: Enter an acceptable percent of error for the external axial loae@dppkhe section. The
default value is 0.1 percent.

E: Enter the required number of moment-curvatureg¢Mjata points to be calculated from

¢ =0 tog,, wheregp,, is the ultimate section curvature.

Note that the concrete and prestressing ultimate conditions need not be definee hdtas

been defined in Section B.10 and B.12, respectively.

F: Enter the initial permissible tensile strain of mild steel reinfosrd, if present. The
maximum compressive mild steel reinforcement strain will be the diiéerbetween the
ultimate strain and the maximum permissible tensile strain (e.g., annaxiensile
strain of 0.07 and an ultimate strain of 0.12 yields a maximum compressive strain of 0.12
- 0.07 = 0.05).

G: Alter the maximum permissible compressive strain of prestgesseel, if applicable.

Analyze Section

H: Click to run and finish the analysis.

Upon the completion of the analysis, the moment-curvature response will be displayed
on the screen where “Results” was previously located. The user may then chom#tue

working and analyze a different section or exit VSAT.
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B.14 Saving and Viewing Output

During an analysis, VSAT requires the user to input a filename for savingdtysia
results. The following instructions describe how to save VSAT analysis ougsubfi a
computer operating with Windows, Windows XP, or Windows Vista (see Figure B-32).

-~

Save As

Savein: | [E Desktop j & £ Ex-
= .Dl'v‘h,r Documents
.-—J _é My Computer
Recent . 3 My Metwork Places
B filename

@ m filename Data File
B filename Extended

u filename LPile

My Documents

"
My Computer

‘-_'] Fle name: A |ﬁlename| ﬂ Save |
- j Cancel

My Metwork  Save as type: |VSAT Output Files (*VST)
Flaces

Figure B-32: Saving VSAT Analysis Results

A:. Select the location and filename of the output files to be created. Use thi defa
extension (.VST) on the filenam@O NOT add your own extension.

B: Choose if you wish to exit VSAT or “continue working” (e.g. analyze alarmagection
without closing VSAT to save time).

C: To view the output files, open the document(s) with notepad or a similar document
program. For each analysis, VSAT will write four different files: adastput file, an
extended output file, an L-Pile output file, and a data file. It is highly reemded that

no change be made to the data file as this file is used to reopen a saved section.
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B.15 Opening a Saved Input File

During an analysis, VSAT requires the user to input a filename for savingdtysia

results. The following instructions describe how to open a VSAT analysis thia¢das

previously run or saved with Windows, Windows XP, or Windows Vista (see Figurg. B-33

The purpose of this option is to lessen the amount of input required from the user.

-~

Open

2J&d|

[ Open as read-only

Loak in: | (G Desktop ﬂ o= =5 Ef-
= DM\; Documents
.-—J j My Computer
Recent W My Network Places
B m filename Data File
7__.%
Desktop
My Documents
= -1II
5
My Computer
.-_} File name: |ﬁlename Data File. DAT]| ﬂ Cpen |
-
My Network  Files of type: |‘-ISAT Data Files * DAT j Cancel
Places

Figure B-33: Opening a Saved VSAT Input File

A: From the Title Page menu, select “Open” or type Ctrl O.

B: Select the location and filename of the file you wish to open. Use ONLX&fil@ that

has been created by VSAT. Any other type of file will not be recognized byfVSA

C: Follow the user manual, making changes as desired. Be sure to “dpipiigranation

that is new since opening the existing file. Save the information as anothenfée na

upon running the analysis to create the modified file. Note that if the samenidesa

used when resaving, the previous files will be lost.
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