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ABSTRACT

Thisstudyexaminestheduct i l i tycapaci tyofrectangu|arreinforcedconcrete
bridge columns with moderate confinement and the effect of structural flares on

if," I"i*ic performance of reinforced concrete bridge columns'

Four half-scaled rectangular bridge columns were built and tested' The

transverse reinforcement ratios providJd in the strong direction of the column

specimenr rorr""ponded to 4q.p_ercent and 60 percent of the minimum lateral

reinforcem"n. ,"q-rired by AASHTO for seismic detail ing' Each specimen was

tested under consiant axiar road whire subjected to quasi-static cyclic lateral loading

in the column raroni direction. The axial load indexes were 1O percent and 25

percent. The specirri"n" exhibited displacement ductilities ranging between 5 and

7. A new equation relating the amount of lateral steel to the attainable

displacement ducti l i ty was developed'

push over analysis was performed on four existing bridges supported by

columns with structural parabolic f lares. ln two bridges, the column longitudinal

steel was placed in the core and along the flares whereas in the other two bridges

the longitudinal steel was placed along the flares only. The results indicated that

plastic hing"" in columns with structural flares do not necessarily form at points of

maximum bending moments. The location of the plastic hinges depended on the

longitudinal steel Imount placed in the core and along the flare. The analysis also

showed that f lared columns with main reinforcement placed along the flares only

are more vulnerable to seismic loads than flared columns with most of the

longitudinal steel placed in the core.

Experimental and analytical studies were performed on two flared column

specimens. The specimens represented 4O percent scaled models of prototype

columns with main reinforcement placed along the flares only. The specimens

were tested under constant axial loads while subjected to lateral drift reversals

along the column strong direction. The results indicated that it is possible to

predict with very good accuracy the plastic hinge location and the ductility of

columns with structural f lares.

ln this study, new models pertaining to shear capacity of reinforced concrete

columns and lateral deflections due to bond slip were also proposed.
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CHAPTER 1

INTRODUCTION

1 .1 Introductory Remarks

Strong earthquakes should not lead to collapse of bridges. This requires that
concrete bridge superstructures remain essentially elastic and that bridges maintain
their gravity loads carrying capacities. Thus, inelastic deformations induced by
seismic loads should be accommodated through the formation of plastic hinges in
the columns.

In the case of reinforced concrete bridge columns, it is necessary to provide
for relatively large ducti l i t ies without shear failure or significant strength
degradation. lt is well established that high ducti l i t ies could be achieved in
reinforced concrete members by furnishing a large amount of lateral confinement
steel.1.2'3 When properly detailed, lateral steel would provide higher ducti l i t ies,
prevent premature buckling of main reinforcement, and avert shear failure.

The amount of lateral steel required in structures in which strength (and not
ducti l i ty) is the primary design criterion is considerably less than that required in
earthquake prone areas. While the high amount of lateral steel is justified in regions
of high seismic risk, the necessity of high degree of confinement in areas of
moderate seismic risk may be uncertain. Current design codes incorporate
provisions for the design and detail ing of lateral steel in columns subjected to
earthquake loading. The design guidelines for the confinement steel in the potential
plastic hinge region have been developed for the most severe earthquake effects.
In some cases, such provisions require a high amount o{ confining reinforcement
which leads to congestion of steel and to higher load demand on the adioining
structural members. There is a lack of accepted design methods for areas of
moderate seismicity in which the ductility demand may be lower. lt appears to be
impractical and uneconomical to provide the same level of confinement for bridge
columns in moderate seismic areas as those in regions of high seismicity.

The drift capacity of a reinforced concrete column is not only associated with
the deformation ability of the plastic hinge region, but it also depends on the shear
capacity of the plastic hinge and its location within the column shear span. For a

column with uniform flexural capacity along its height, plastic hinges are induced

at points of maximum bending moments. The flexural capacity of a flared column,

however, varies along the column height. Thus, plastic hinges in flared columns

may form at locations which do not necessarily coincide with locations of

maximum bending moments.

During the Northridge earthquake of January 1'7 , 1994, several f lared

reinforced concrete columns supporting the Mission-Gothic undercrossing failed in

a non-ducti le shear mode.a'5 Figure 1-1 i l lustrates the damage experienced by one

of the columns. Those columns were provided with parabolic flares over the upper



half of the column height. The column main reinforcement was placed in a circular
pattern inside a prismatic core and extended over the entire column height. The
flares were thought to be non-structural (architectural) but were moderately
reinforced with longitudinal steel that terminated at the bottom of the flared
segment. Details of those columns can be found elsewhere.6'7 Foltowing the
Northridge earthquake, studies 6't of the Mission-Gothic undercrossing determined
that columns which were subjected to lateral displacement along the flare strong
direction suffered shear failure at regions below and next to the lower end of the
flares. The same studies also concluded that the flare enhanced the flexural
strength of the column in the flared region, thus forcing the plastic hinge to form
at a section of lower flexural capacity outside the flare. This in turn caused a
reduction in the column shear span and consequently, increased the shear demand.
Furthermore, the shear capacity in the plastic hinge region was reduced due to the
degradation of concrete under inelastic cyclic loading. This combination of events
caused a shear failure in the columns.

The poor behavior of the flared bridge columns during the Northridge
earthquake created an interest to evaluate the seismic vulnerability of columns with
structural flares and to assess the effect of longitudinal steel arrangement and core
confinement on the behavior of such columns under earthquake loads.

This study investigates the ducti l i ty of rectangular columns with moderate
confinement and the effect of f lares on the seismic performance of reinforced
concrete bridge columns.

1.2 Lateral Steel Requirements for Rectangular Columns

Different methods are available for the design of confinement reinforcement.
A summary of the methods for the plastic hinge region of rectangular columns is
presented in this section. Note that the required steel areas need to be satisfied
for each orthogonal principal direction o{ the column section.

' l .2.1 American Concrete Institute (ACll8

The minimum total cross sectional area of rectangular hoops and cross ties
is the greater of
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Asn -- 0.3 s h"

= 0.09 s hc
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I-11 ( 1 - 1 )

(1-21
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Asn

where
s

f"'

fvn

spacing o{ transverse reinforcementalong the axis of the member



h" = cross-sectional dimension of column core measured center-to-center

of confining reinforcement
gross area of section
cross-section area of a structural member measured out-to-out of
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transverse reinforcement
f"' = specified concrete strength
fvn = specified yield strength of transverse reinforcement

The above equations intend to provide the same degree of confinement as
that in spiral columns. Considering that ACI provisions are generally for building
design, the applicabilhy of the requirements to bridge columns is not addressed in
the code. The spacing of lateral reinforcement is l imited to the smaller of 1O0
mill imeters (4 inches) or one-quarter of the minimum member dimension.

1.2.2 American Association of State Highway and Transportation Officials

IAASHTOI9

The current provisions of AASHTO are adopted from those of ACl. The

lateral  steel  area is based on Equat ion 1-1,  but  Equat ion 1-2 has a coeff ic ient  of

O.12 instead of 0.O9. The coefficient of 0.12 is adopted from an earlier version of

the ACl.  The maximum spacing l imi ts in AASHTO are the same as those in ACl.

1.2.g Galifornia Department of Transportation (CALTRANSI 10

The CALTRANS provisions specify Equation 1-1 as one of two expressions
for the minimum area of transverse reinforcement. The other equation is:

Ash=0 .12s ,  h " l [  ou .  ' , ^ h ) ( 1 - 3 )

where
s, = spacing of transverse reinforcement along the axis of the member

P" = axial load

Equation 1-3 acknowledges test results that have shown the confinement

steel requirement should be a function of the magnitude of axial force. This

equation is adopted from the New Zealand Code.l3 A minimum spacing of 50 mm

(Z in.) is speci{ied for the transverse steel. The maximum spacing l imit is the

smallest of one-fifth of the column minimum section dimension, 2OO mm (8 in.),

and six times the longitudinal bar diameter. The last l imit is intended to prevent

buckling of the longitudinal column bars. These limits apply regardless of whether

th" l"t"i"l reinforcement is controlled by shear or confinement'

1.2.4 PaulaY and PriestleYl

Based on research on bridge columns conducted at the University of

Canterbury, New Tealand, by Zahn 
"t "1. 

11 and Watson et al. 12, design equations

and charts were derived relating the amount of confinement steel in columns to the



applied axial load and the required curvature ducti l i ty. Paulay and Priestley
simplif ied the equations as follows:
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(1  -4 )

where k = O.25 for a required curvature ducti l i ty of lra = 1O and k = O.35 when
tto = 20. Other values may be found by l inear interpolation or extrapolation.

In addition to the axial load, Equation 1-4 depends on the expected curvature
ducti l i ty demand. The flexibil i ty provided by including the ducti l i ty demand makes
the expression useful for not only bridge columns that experience large drifts but
also those that are in areas of moderate seismicity where the ductility demand may
be fower. For low values of the axial load index, P" / ( f""Asl, the confinement
requirements become relatively small and shear wil l control the design. The
maximum spa'bing of the confinement bars is l imited to the smallest of one-third of
the minimum column dimension, s ix t imes the longi tudinal  bar diameter,  and 180
mm (7  in . ) .

1.2.5 New Zealand Gode 13

The New Zealand code specifies the larger of steel areas from two
expressions both of which are functions of the axial load. The total area of
transverse bars in each direction is the larger of

,) fl.5* ffi)
and the steel area from Equation 1-3. These equations are similar to the ACI
expressions except that they are modified by a factor that reflects the e{fect of
axial load. The vertical spacing of the transverse steel is limited to the smallest of
six longitudinal bar dlameter, one-fifth of the minimum dimension of the column
sect ion,  and 200 mm (8 in.) .

1.2.6 ATC-32 Method 1a

The "Bridge Design Specifications" issued by the Applied Technology Council
recommends the following equation to find the minimum cross sectional area of
lateral steel in rectangular columns:

A,n= ksa+Xtft- ooB)

Ash = 0.3 sh"[t

A s h = 0 . 1 2 s ,  n " + [  o u . 1.25 -!- l  .  0.,3s,h"(o, - o.ot;
f 'o An)

( 1 - 5 )

( 1 - 6 )

where
f": = exPected concrete strength
frn = expected yield stress of transverse reinforcement
gr = longitudinal reinforcement ratio
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Equation 1-6 is similar to the expression used by CALTRANS except for the
additional second term on the right-hand-side of the equation and the use of the
expected material strength rather than the specified strength. The inclusion of p,
in the ATC-32 equation implies that columns with higher longitudinal steel ratio are
less ducti le than similar columns with lower amount of longitudinal steel, and thus,
require more confinement to enhance their ducti l i ty. The maximum vertical spacing
of t ies is l imi ted to the smal ler  of  3O5 mm (12 inches) and the least  column
dimension. When longitudinal bars greater than 0 32 mm t# 1O) are bundled, the
maximum tie spacing is reduced to one-half the specified l imits.

1.2.7 Comparison of the Different Guidelines

To compare the confinement steel designed based on different guidelines,
a representative rectangular bridge columns was designed. The cross section of
the column excluding the transverse reinforcement is shown in Figure 1-2.  The
longitudinal steel ratio in this column is approximately 2.2 percent. The concrete
compressive strength was assumed at 27.6 MPa (4.OO Ksi) and the steel yield
stress was assumed at  414 MPa (6O.O Ksi) .  The conf inement steel  rat io was
determined as a function of the axial load ratio using different guidelines. The AC1
minimum transverse steel requirements for gravity loads was also included in the
analysis.

Figure 1-3 shows the results. The confinement steel ratios based on Paulay
and Priestley's method are for an assumed column height of 6.1 m (2O ft.) in single
curvature and for displacement ducti l i t ies,po, ranging from 2 to 8. Notice thatthe
value of the multiplier k in Equation 1-4 depends on the curvature ducti l i ty. To
present the plot of Equation 1-4 in terms of displacement ducti l i ty, a plastic hinge
length of 61O mm {.24 in.l was assumed for the example column. The plastic hinge
length is equivalent to one half the section depth as recommended by Paulay and
Priestley.l For low values o{ axial load, shear and not confinement would control
the amount of lateral reinforcement which was not included in this comparison. For
bridge columns located in areas of moderate seismicity it may be appropriate to
require rein{orcement ratios which are between the gravity load design and the
seismic design requirements. For comparison purposes, the ATC-32 equation was
plotted using the specified material properties instead of the expected properties.
Note that the ACI and AASHTO requirements are independent of the level of axial
load, whereas CALTRANS and ATC-32 results depend on the axial load level
although to a lesser degree than the results based on Paulay and Priestley.

For the example column, it can be seen in Figure 1-3 that the lateral

reinforcement ratio required by AASHTO for seismic design is 33 percent more than
that required by ACl. Moreover, for an axial load index of less than O.4 , AASHTO
seismic specifications require more transverse steel than that required by
CALTRANS. The difference between AASHTO and CALTRANS requirements
decreases as the axial load index approaches O.4. For the given longitudinal steel
ratio of 2.2 percent, the ATC-32 equation results in a higher lateral steel amount
than that required by CALTRANS equations for any axial load. This is due to the



additional lateral steel amount introduced by the second right-hand-side term in
Equation 1-6 when evaluated forthe given longitudinal steel ratio. When the axial
foad is greater than O.12 f""An, the required lateral steel according to ATC-32 is
20 percent higher than that required by CALTRANS. At relatively low axial loads,
the equation given by Paulay and Priestley (Eguation 1-4) results in a reinforcement
ratio that is considerably less than those required by the codes. For instance, at
an axial load index ol O.2 and a displacement ducti l i ty of 8, the calculated lateral
steel ratio for the example column according to the equation by paulay and
Priestley is 33 percent less than the steel ratio required by either ACI or CALTRANS
and 50 percent less than the steel ratio required by AASHTO. lt appears that
Equation 1-4 may not be applicable at relatively low axial loads since it results in
zero lateral steel area at an axial load index of 0.08. Moreover, the confinement
steef according to Equation 1-4 is much more sensitive to the applied axiat load
compared to other methods.

1.3 Previous Work

An extensive review of previous research work regarding the effects of
confinement and flares on rein{orced concrete columns was conducted in this
study. While there is an abundance of studies in the l iterature about the
confinement effects on the seismic behavior of reinforced concrete columns,
research work in general, and experimental investigation in particular, concerning
the effects of f lares is scarce.

Previous studies on the confinement aspect of columns can be divided into
two main groups: (1) confinement effects on the strength and ducti l i ty of the
confined concrete material, and (2) confinement effects on the strength and
ductility of columns when subiected to lateral loads. In the first research category,
several models were developed for the constitutive relationship of confined
concrete (Modified Kent and Park 15, Sheikh and Uzumeri 16, Mander et a1.17,
Saatcioglu and Razvi181. These models, which were based on compression loading
of short column specimens, are normally employed in the seismic analysis of
columns subjected to both axial and bending stresses. The modified Kent and Park
and the Mander et al. models are presented in Chapter 2.

Many researchers investigated the effect of confinement steel on the seismic
performance of reinforced concrete columns. The results from most of the
experimental studies conducted in North America, New Zealand and Japan are
presented in References 19 and 20 tor spiral reinforced and rectangular columns,
respectively. Since this research was focused on columns with recti l inear
confinement steel, studies of columns with spiral reinforcement are excluded in the
following l iterature review. Also excluded are studies conducted on specimens
with anomalies related to specimen scale and/or lateral steel detail ing. A column
specimen built to a very small scale might not impart true representation of the
prototype behavior. Moreover, lateral steel that is widely spaced or improperly
detailed will not provide adequate confinement, irrespective of the lateral steel
amount, leading to premature failure. Because of the apparent similarity of the
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confinement provided by square ties to that of rectangular t ies and due to a lack
of experimental data on earthquake response of rectangular columns, the cyclic
load test results presented in this section include one rectangular column (Tanaka
et af.26) and thirty square columns (Gil l et a|.21, Ang elaJ.22, Soesianawati et ?1.23,
Zahn el al.za, Watson et a|.25, Tanaka et a1.26, Azizinamini et a|.27, Saatcioglu et
a| .28 and Sheikh et  a l .2s).  Table 1-1 presents the main data f rom each reference.
The column dimensions, reinforcement details, test set up and experimental
procedure for each specimen in Table 1-1 can be found in the respective reference.
In general, the dimensions of the test specimens may be thought of as being
one-fourth to one-half scaled representation of the prototype bridge columns.
However, the shear span-to-depth ratios implemented by Gill et al. and Saatcioglu
et al. appear to be lower than the ratios found in practical applications. For small
shear span-to-depth ratios, shear response rather than flexural response is usually
dominant.

The reported displacement ducti l i t ies (pa) in Table 1-1 are the maximum
values attained by specimen failure or by terminating the test due to equipment
l imi tat ions.  InTable 1-1,  a reported duct i l i ty  wi th a ")"  s ign indicatesthatthetest
was terminated at the reported ducti l i ty with no apparent failure in the specimen.
A " <' sign indicates that the specimen failed before the reported ducti l i ty was
achieved. lt must be noted, however, that in previous experimental studies there
was no agreement among the different researchers on the experimental
determination of the specimen yield point. More about this issue is presented in
Chapter 2. Since pa is the ratio of the ultimate displacement (A,) to the yield
displacement (Ar), the displacement ducti l i t ies in some of the previous tests might
have been slightly different from what was reported had a uniform method for
determining the yield displacement been used in all the tests,

The material properties presented in Table 1-1 are generally in the range of
the values used in bridge columns. However, reinforcing steel strength below 414
MPa (60 Ksi) is rarely used in new bridge construction. A good indicator of
appropriate proportioning of material properties is the ratio of concrete strength to
fateraf steel yield strength V'",/fr1,l. This ratio is a basic parameter for determining
the amount of confinement steel {Section 1.2}. The ratios used in the specimens
tested by Soesianawati et al. and Watson ln6e Soesianawati) et al. appear to be
slightly higher than the ratios normally applied in bridge construction. This was due
to the simultaneous use of relatively high concrete strength and low lateral steel
yield stress.

In addition to the reported data, Table 1-1 presents the minimum seismic
lateral steel ratio required in the plastic hinge region of each specimen. The lateral
steef ratios lA",/(s h")l were calculated along the loading direction and according
to the ATC-32 requirement (Equation 1-6) which is the most recent provision for
lateral steel in bridge columns. Also presented in Table 1-1 are the ratios of the
provided to the corresponding minimum required lateral steel amounts

[(45]provioea,/lA"),"qui,"al. Figure 1-4 exhibits a plot of (4" )providcd to (/" )required ratios

versus the corresponding applied axial load indexes for all the tests presented in



Table 1-1.  The axial  load index for br idge columns is typical ly less than O.3b.
Moreover, for moderate confinement, the lateral steel amount in the plastic hinge
region would have to be less than the amount required by seismic provisions. lt
can be noted in Figure 1-4 that, except for the two square column specimens
tested by Soesianawati et al., there is a definite lack of data related to the seismic
behavior of moderately confined bridge columns. Part of the research presented
in this study covers this gap in the l iterature.

Prior to the Northridge earthquake of January 1994, research on flared
reinforced concrete columns was practically non existent. Failure of the flared
columns supporting the Mission & Gothic undercrossing during the earthquake
instigated the study of such columns in order to evaluate their seismic vulnerabil ity
and to find the cause behind the observed failure. The Mission & Gothic bridge,
which was designed and bui l t  in the ear ly 197O's,  ref lects the seismic design
philosophy before the development of current seismic knowledge. The flares in the
columns of the bridge were used for their architectural effects, and thus, were
nominally reinforced with some additional longitudinal bars that were placed along
the flares. The main reinforcement was placed in the column core in a circular
pattern. The flares were thought to be non structural and that they would spall
under intense earthquake motions. Following the Northridge earthquake,
preliminary studies conducted by the National Institute of Standards and
TechnologyT (NIST) and the University of California at San Diego6 (UCSO) generally
agreed in their f indings regarding the cause of failure. Both studies arrived at the
conclusion that the flares did not spall as was thought, thus increasing the flexural
capacity of the column flared segment. The plastic hinge was forced to form at the
bottom of the flares, causing a reduction in the shear span. The shear failure
scenario was presented in Section 1 .1 .

Previous experimental research on flared bridge columns is l imited to two
groups of tests that were conducted recently by Sanchez et a|.30 at UCSD. The
test specimens represented 40 percent scale of two types of prototype bridge
columns with architectural f lares. The first group consisted of four specimens
representing the Mission & Gothic flared columns. The second group comprised
six specimens corresponding to a standard flared column type that is used by
CALTRANS on some highway bridges. This type of columns is characterized by
a rectangular cross section for both flared and non-flared segments of the column.
The main reinforcement in this type is placed in the core and consists of two
overlapping circular patterns with interlocking spirals. Additional reinforcement is
also placed along the flares. In each group, one reference column representing the
column core without the flares and at least one column representing the as-built
condition were tested. The remaining specimens represented retrofitted versions
of the as-built columns. Experimental results of the as-built specimens confirmed
the analytical prediction that architectural flares increase the flexural capacity of the
column flared segment. Sanchez et al. concluded that an economical and effective
retrofitt ing scheme for columns with architectural f lares would be to isolate the
flare from the core at the bridge soffit. The isolation at the soffit can be
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accomplished by cutting the flare steel and concrete to provide an approximate gap
of 50 mm (2 in.) between the flare and the bridge soffit. This retrofit procedure
maintains the column shape, however, it provides a discontinuity between the flare
and the soffit, thus eliminating the contribution of the flare to flexural strength.

1.4 Objectives and Scope

Current guidelines for determining the confinement steel in the potential
plastic hinge region have been developed for areas of intense seismic activity.
There is a lack of accepted design methods for areas of moderate seismicity in
which the ducti l i ty demand may be lower. lt appears to be impractical and
uneconomical to provide the same level of confinement for bridge columns in
moderate seismic areas as those in regions of high seismicity. Part of this study
was aimed at examining the ducti l i ty and behavior of rectangular bridge columns
with moderate confinement in order to develop detail ing guide l ines for areas of
moderate to low seismicity.

The poor behavior of the flared bridge columns during the Northridge
earthquake created the need to assess the vulnerabil ity of such columns to large
seismic loading. However, there are no studies concerning the seismic response
of bridge columns with structural f lares where the lateral load capacity and the
corresponding shear demand may be higher than similar columns with architectural
flares. Unlike the Mission-Gothic bridge columns, the majority of the flared-type
bridge columns used in Nevada are fitted with structural f lares since part or all of
the main reinforcement is placed along the flares. The flares in those columns are
uti l ized for not only their architectural effects, but also to enhance the flexural
capacity of the column segment where the flexural demand increases. The second
objective of the study was to evaluate the seismic vulnerabil ity of columns with
structural flares and the effect of steel reinforcement arrangement on the seismic
performance of such columns.

To study the effect of moderate confinement, four half-scaled rectangular
bridge columns were built and tested. The transverse reinforcement ratios provided
in the strong direction of the column specimens corresponded to 46 percent and
6O percent of the minimum lateral rein{orcement required by AASHTO for seismic
detail ing. Each specimen was tested under constant axial load while subjected to
quasi-static cyclic lateral loading in the column strong direction. The axial load
indexes were 10 percent and 25 percent. Based on analytical and experimental
results, an equation for determining the confinement steel of columns for different
levels of target ducti l i ty was developed.

The evaluation of the seismic vulnerabil ity of columns with structural f lares
comprised both analytical and experimental studies. Four representative bridges,
located in Northern Nevada, were selected and analyzed in this study. The flared
columns in these bridges have similar architectural features and cross sectional
dimensions but reinforced with different steel arrangements. The ' l imit state'
method of analysis was applied to predict the locations of plastic hinges in the



columns and the corresponding shear demands under lateral earthquake loading.
Considerations were given to the effects of f lare, confinement steel, and material
over strength on the ducti l i ty and the flexural capacity of different cross sections
along the column height. The column shear capacities were assessed and the
potentially vulnerable columns were identif ied. Conclusions were also drawn
regarding the effect of reinforcement arrangement on the behavior of f lared
columns. Two 40 percent scaled specimens representing the potentially vulnerable
columns were built and tested. Based on the experimental and the analytical
results, the deficiencies of such columns were determined to facil i tate the selection
of appropriate retrofitt ing schemes.

To improve the analytical predictions, a new approach was developed for
determining lateral deflection of different types of reinforced concrete columns due
to bond slip. The method is applicable to both rectangular and flared columns and
is presented in Section 2.4.3. Moreover, proper evaluation of the moment-
curvature relationships of confined concrete columns necessitated the development
of a computer program that includes the effect of confinement and, whenever it
occurs, crushing of the cover concrete in the analysis. For this purpose, a
computer program (called RCMC) was written in "C * * " and was used for
determining the theoretical moment-curvature relationships. Description of the
computer program, including assumptions, features and limitations, is presented in
Section 2.6. Listing of the program and an input/output example are i l lustrated in
Appendix A.
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CHAPTER 2

DUCTILITY AND STRENGTH OF REINFORCED CONCRETE COLUMNS

2.1 Introduction

Ductility of a structural member can be defined as the ability of the member
to deform beyond the elastic l imit without significant strength degradation.
Ductility is usually defined as the ratio of ultimate deformation to yield deformation.
Thus, curvature ductility lttrl of a section is the ratio g, / grwhere 9, and {P, are
the ultimate and yield curvatures, respectively. Similarly, displacement ductility (p6)

of a member is the ratio of the displacement at ult imate to the displacement at
yiefd, Au / Ly . lt can be seen that section ducti l i ty is based solely on flexural
deformations {moment-curvature relationship). However, member ducti l i ty should
inctude deformations due to flexure and other effects such as shear and bond slip
deformations (lateral load-displacement relationship).

As mentioned earlier, ducti l i ty of bridge columns is essential in seismic
design of bridges. The formation of plastic hinges in bridge columns allows {or the
dissipation of seismic energy through inelastic deformation and prompts the bridge
system to generally "attract" smaller lateral loads under earthquake motion.

The ability of reinforced concrete columns to deform beyond the elastic limit

and the column ultimate deformation capacity depend mainly on the level of

confinement of the core concrete. The confinement provided by lateral hoops and

cross ties delays the spall ing of the core concrete and allows concrete to attain

higher strains.

2.2 Yield Point of Reinforced Concrete Columns

Since ducti l i ty is a measure of ult imate deformation relative to yield

deformation, it is essential to define the yield point of reinforced concrete sections

and columns using consistent and rational concepts. Column yield displacement

can be defined as the displacement corresponding to the lateral load required to

cause yielding of the column crit ical section. Unlike reinforced concrete sections

with only two layers of steel placed at opposite ends, a concrete section with main

reinforcement distributed throughout the section does not exhibit a well defined

yield point, but rather a yield region that depends mainly on the amount and the

distribution of the main reinforcemdnt. A typical moment-curvature relationship for

reinforced concrete column sections with more than two steel layers is shown in

Figure 2-1. The curve marked uActualn in Figure 2-1 represents the section

7"ipon." when subjected to increasing curvatures under constant axial load.

Several methods have been used by researchers to define the yield point of

columns. ln some published research papers, the yield point was defined in a

rather qualitative manner. Sheikh and Khoury 2s defined the yield displacement as
,,the yieid or elastic lateral displacement for the unconfined concrete specimen, at

1 1



which the specimen behavior departs significantly from a straight line." Qualitative
definitions are susceptible to subjective interpretations and should not be used for
establishing ducti l i ty levels.

Other researchers employed quantitative methods to determine the section
yield point and the corresponding column yielding. In one method 27, the column
yielding corresponded to the first yield occurring in the main reinforcement at the
critical section. This method leads to inconsistent results since the location of first
yield point on the response curve is strongly dependent on the amount and the
distribution of the main reinforcement throughout the section. When the main
reinforcement consists of a large number of bars distributed in the section, the first
yield point may be well within the practically elastic range of the curve. On the
other hand, when the main reinforcement is concentrated near the section opposite
edges, the first yield point may be located close to the upper bound of the elastic
range.

Some researchers t ' 23' 31 established the section yield curvature by using
idealized elasto-plastic moment-curvature relationships as shown in Figure 2-1. The
yield curvature was found by l inear extrapolation of the curvature at f irst yield to
a point corresponding to the moment capacity as calculated according to the ACls
equations. Thus, the idealized effective yield moment, (Mvl"n, of a cross section
was regarded as the section nominal moment capacity. The effective lateral yield
force, (Fvl"rr, of the column was considered as the lateral force required to develop
the effective moment at the column critical section. The column yield displacement
was assumed to be 1.33 times the displacement corresponding to O.75 lFrl.u on
the "actual" curve and the lateral yield force (not to be confused with lFrl*r) was
considered as the lateral load required to induce the yield displacement. This
method provides a more consistent approach than the previous methods, however,
it does not account for the effect of confinement on the strength of the section,
and consequently, on the effective yield moment.

In this study, the yield point of reinforced concrete columns was defined
using an approach similar to the one presented by Paulay and Priestley t {effective
yield force approach). However, this study includes the confinement effects in
determining the effective yield moment. Hence, the theoretical moment-curvature
accounts for the confined properties of core concrete and the spalling of cover
concrete. The elastic segment of the idealized moment-curvature was assumed to
pass through the point of f irst yield and the plastic segment was considered to

terminate at the ultimate curvature, g, (Figure 2-11. The effective yield moment

was found by equating the areas under the idealized and the theoretical moment-

curvature curves. This was accomplished by using spreadsheets. Notice that in

Figure 2-1, the theoretical moment-curvature is represented by the curve marked
as,,Actual'. The effective yield moment according to this method can also be used

in the l imit state analysis of multi- column bents as is presented in Chapter 3. In

the limit state analysis, the lateral load capacity of a bent frame corresponds to the
formation of a mechanism {plastic hinges) in the frame. Since the nominal flexural
capacity of a cross section is considerably lower than the bending moment required
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to develop a plastic hinge,35 the use of nominal flexural capacities in the limit state
analysis of frames results in underestimation of the lateral load carrying capacity
of frames.

2.3 Material Stress Strain Models

To f acil i tate the development of moment-curvature relationships,
representative constitutive models for concrete and steel are needed. The primary
features of the stress-strain relationship for concrete are the stress and the
corresponding strain at peak and failure. Studies 15' 16' 17' 18 have shown that the
confinement provided by the lateral steel enhances the strength and ductility of the
confined core concrete as is shown in Figure 2-2. Following are models commonly
used to represent the constitutive relationships of concrete and steel.

2.3.1 Unconfined Concrete

The unconfined concrete stress-strain can be modeled using the Kent and
Park concrete model.31 The stress-strain curve in this model consists of an
ascending parabolic curve up to the point representing the unconfined concrete
strength, followed by a descending straight l ine as shown in Figure 2-3. The
parabolic segment is defined by the following equation

f " = t2-11'"W [rJ']
where

f " =
e c =

ft" =

e ' " =

concrete stress
concrete strain
unconfined concrete compressive strength
strain at concrete compressive strength. This value is usually
considered to be O.OO2 for normal weight concrete

The descending straight segment terminates at the crushing strain, e,, of the
unconfined concrete which occurs atO.2f'". For practical applications, Paulay and
Priestley t recommend that e, be taken as O.OO4.

2.3.2 Confined Concrete

Based on a review of different models and their applicabil ity to rectangular
hoops (Section 1.3), two confined concrete models are presented in this section.

The Modified Kent and Park Model15

In this model, strength and ducti l i ty of core concrete are enhanced by the
confinement provided by transverse hoops. Similar to the model for unconfined
concrete, the modified Kent and Park model consists of an ascending parabolic

branch and a descending straight branch. The model is i l lustrated in Figure 2-4.

1 3



The concrete strength, K f"', is reached at a strain of O.OO2 K. l( is defined in
Equation 2-3. The stress-strain relationship is

{i) For e" -. O.OO2K:

(2-2!,

t2-31

12-41

t
I
I
I
I
I
I
I
I
I
I
I
I
I
I

r^=Kr^,1-:- f-g-'11G u 
lo.oo2K \ o.0o2K) )

K = 1 * 9 " f "
f"'

(ii) For e, ) O.OO2K:

f "=  K f " ' f  1  -  z^ ( " "  -  0 -00219 ]  >0 -2K f :

3 * 0.26f"t

0.5z^
0.002K (2-sl

145fc '  -  1000

strain of confined concrete
stress of confined concrete
unconfined concrete compressive strength
yield stress of the confining steel
lateral steel volumetric ratio with concrete volume measured to

r  -  1  *  x '

. f o, (MPal

where:
ec
f,
f " '
fvn
p"

outside of hoops
h" = width of confined core measured to outside of hoops
s,, : center to center spacing of hoop sets

Modified Mander et a1.17

In this model, the stress-strain curve is based on an equation suggested by
Popovics.32 The entire curve (Figure 2-5) is described by the following equation:

f l n x  r (2-6)f " =

where

x =  
€ "

e'",

I
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I
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1'u = K*grfrn

E"
f =

E" -  E""

E" = 4734rlf '" (MPal 57ooo'/7\ (psr)

f ,o
-sec

€'""

In the above equations, f '""is the confined concrete compressive strength,
6'"" is the confined concrete strain at strength, and f'" is the unconfined concrete
compressive strength. Mander related the confined concrete strength, f'"", to the
confining pressure, f'1, proyided by the lateral reinforcement. For circular sections,
or square sections of equal confining steel in both directions, the confined concrete
strength is

(

f '"" = f'"l. - 1.254 * 2.254 ' ,  * 
7'94f 

"f  ' ,
o*) t2-71

(2-8)

(2-s)

For a rectangular section with unequal lateral steel ratios along the depth and
the width of the cross section (x and y directions), the confining pressures f',, and
f'1r, in the x and y directions, respectively, can be found as follows

f ',, = K"r1rfr1,

where
K., =
K", =

9 , :
P v =
lvn =

confinement effectiveness coefficient in the x direction
confinement effectiveness coefficient in the y direction
volumetric ratio of lateral steel in the x direction
volumetric ratio of lateral steel in the y direction
yield stress of lateral steel

Once the confining pressures in both directions are found, the confined
concrete strength can be found from a set of curves. Those curves were based on
multiaxial failure criterion and were verif ied by comparing the solution to triaxial
tests results.

The strain , e'"", at maximum stress is given by

1 5

e'n  =o.ooz[ r  + (2 -10 )
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For finding the ultimate strain of concrete at failure, Mander et al. applied a
strain energy approach. In this method, the longitudinal compressive concrete
strain at failure corresponds to the first fracture in the hoops. In addition to the
monotonic stress-strain model, Mander et al. also presented a stress-strain
relationship for confined concrete under cyclic loading including the effect of strain
rate on the stress-strain curves. A detailed description of the model is presented
in Reference 17.

Paulay and Priestley 1 adopted a modified version of the Mander et al. model
to represent the stress-strain behavior of confined concrete under monotonic
loading. In the modified model, the stress-strain curve, confined strength, and
strain at confined strength are kept the same as in the original model. However,
the modified model prescribes a lower (conservative) ultimate concrete compression
strain as follows
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€",  = 0.004 * 
1 '49sfYn€s^

f '""

where
e"- = steel strain at maximum tensile stress

{2-111

Moreover, Paulay and Priestley suggested a confinement coefficient k, of
O.95 for circular columns, 0.75 for rectangular columns, and 0.6O for rectangular
wal ls.

2.3.3 Reinforcing Steel

The stress-strain relationship of steel can be modeled using a tri- l inear
relationship as is shown in Figure 2-6. The first segment of the curve (l ine O-1)
represents the elastic range of steel where the stress is proportional to the strain
and the proportionality constant is the modulus of elasticity of steel, E. The second
segment of the curve (l ine 1-2) represents the yield plateau where the strain
increases at no increment in the stress. The last segment of the curve (l ine 2-3)
represents the strain hardening range. In the strain hardening range any increment
in the strain is accompanied by a proportional increment in the stress. However,
the proportionality constant is much lowerthan the init ial modulus of elasticaty, E.
It should be noted that the actual stress-strain behavior of steel in the strain
hardening range is nonlinear and that the stress increases with strain at a
decreasing rate. The error induced by using a l inear relationship for the strain
hardening segment, however, is minimal since the idealized curve would be very
close to the actual curve.

The above model can be completely described by specifying the following
variables:

fv = steel Yield stress
E = steel modulus of elasticity
€sn = strain at beginning of strain hardening
f"u = maximum stress in steel
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€", : strain at maximum stress

2.4 Lateral Deflections

For a reinforced concrete cantilever column subjected to a lateral load, it is
well established that the total lateral deflection can be attributed to deformations
due to flexure, bond slip, and shear.l '33 Additional lateral deflection due to rocking
of the footing may also occur. The cantilever column may represent a fixed-pinned
column and may also represent the segment of a fixed-fixed column between the
section of maximum bending moment and the point of contraflexure (see Figure
2-71. When footing rotation is prevented, the total lateral deflection, A, , may be
expressed as:

A,

where

t2-121

A r =
A " =
A"r, :

This section presents the analytical methods that may be used to estimate
lateral deflection of reinforced concrete columns.

2.4.1 Flexural Deflection

Figure 2-7 shows a cantilever column subjected to a lateral load, F, at the
free end. The corresponding bending moment and curvature profi les along the
column height are also shown. The corresponding flexural deflection, Ar, at the
free end can be found by applying the moment area theorem as follows

A r + A " * A r n

deflection due to flexure
deflection due to reinlorcement bond slip
deflection due to shear

(2 -13 )

which is the static moment of the area under the curvature profile taken about the
cofumn free end. The parameters in Equation 2-13 are defined in Figure 2-7. This
approach provides the basic analytical method for calculating flexural deflection
corresponding to any given monotonic lateral load.

For the purpose of calculating column ducti l i ty, f lexural.deflections at yield

and at ultimate are needed. Approximate methods for calculating those deflections

have been used by others. 1' 23' 35 Such methods are based on the moment area

theorem given by Equation 2-13 and the geometrical aspects of the cantilever

column when plastic hinging occurs. However, in the approximate methods,

idealized curvature profi les along the column height are employed. At yield, the

bending moment diagram and the corresponding idealized curvature of the

cantifever column are depicted in Figure 2-8, where M, and M",, are the yield

moment and the cracking moment, respectively, and Qy and 9", are the

A r =
I

foxax
0
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corresponding curvatures. When lateral deflections are mainly due to flexure,
columns develop plastic hinges at their crit ical sections. For a column with uniform
flexural strength along its height, the plastic hinge forms at the fixed end. As is
shown in Figure 2-9, the flexural deflection at ult imate, (A1),, can be found as 35

( A r ) , = ( A p ) r * ( A p ) , Q - 1 4 1

where
(AJ, : f lexural deflection at yield
(A/, = additional f lexural deflection due to rigid body rotation at the plastic

hinge (plastic displacement)

Figure 2-9 also presents the idealized curvature profi le of the cantilever
column after the plastic hinge has developed.3u In this idealization, the actual plastic
hinge length is replaced by an equivalent plastic hinge length that would result in
the same plaStic displacement at the free end. Assuming that the plastic rotation
is concentrated at the middle of the equivalent plastic hinge length, (Ar), can be
found as

(Ar), = (,P, ( 2 - 1 5 )

where /, is the equivalent plastic hinge length and / is the length of the cantilever
co lumn.

Paulay and Priestley 1 proposed an empirical expression to calculate the
equivalent plastic hinge length of reinforced concrete members which is
independent of the axial load and the amount of confining steel. The expression
is given by
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-ar) ' r(  2)

k i k 2 k 3 ( ; ) ;

L = 0.08 I + 0.022d0f, WPa)

L  =  0 .081*  0 .15db fy  ( r ( sO

where
| : length of member between critical section and point of contraflexure
db = longitudinal bar diameter
fv = yield strength of longitudinal bars

Baker 36 investigated plastic hinging of reinforced concrete members and
presented two different expressions for the evaluation of plastic hinge length of

confined and unconfined concrete members. For members with unconfined
concrete, the equivalent plastic hinge length is given by

( 2 - 1 6 a )

( 2 - 1 6 b )

l, = 12-171
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where
K1
K2
Pu
Po
K3

d

For
version of

l r =

= O.7 for mild steel and O.9 for cold worked steel
= 1 + o.sPu,/Po
= axial compressive load
: axial compressive strength of member under concentric load
= 0.6 for  f ' "  = 35.2 MPa (5100 psi)
=  0 .9  fo r  f ' "  =  11 .7  MPa (1700 ps i )
= effective depth of member

members confined with transverse steel, Baker proposed a modified
Equation 2-17 to calculate the equivalent plastic hinge length as follows

( 2 - 1 8 )o 8 k 1  o ( ; )  '

where c is the neutral axis depth at ult imate moment. lt can be seen that Baker's
equation for confined concrete implicit ly includes the effects of axial load (through

c) and confinement on the equivalent plastic hinge length.

2.4.2 Shear Deflection

Because even thin shear cracks introduce flexibil i ty that can not be
accounted for in equations developed for solid uncracked members, special
expressions are needed to determine the shear deformations of reinforced concrete
members. Shear deflection can be found using the shear stiffness expression
derived by Park and Paulay.31 For assumed 45" diagonal cracks, the shear stiffness
may be expressed as

Kv,4s = 
,h,Esbwd

where

( 2 - 1 9 )

longitudinal

total shear

shear stiffness for an element with unit length
elastic modulus o{ shear reinforcement
section width perpendicular to applied shear
effective section depth parallel to applied shear
E"/E" (modular ratio)
elastic modulus of concrete
Au/sb." (shear reinforcement ratio)
area of shear rein{orcement
spacing of shear reinforcement sets along the member
axis

Having the shear stiffness for the unit length of the element, the

deflection, Ash, for the column would be

Kv, ts
E"
bn
d
n
E,
9u
Au
s

1 9



A"t, = V L
Kv,ts t2-20l'

where V is the applied shear force and I is the shear span. For a column with
varying properties along its height, the total shear deflection can be found as
fol lows

i = m l  r  IAs, =,r 
[ffi]' t2-211

where m is the total number of column segments with different shear stiffness and
l, and lKu.4sli are the length and stiffness of segment i, respectively.

2.4.3 Bond Slip Deflection

Reinforced concrete members with moment connections require that the
main reinforcement be developed into adjoining footings, joints or adjacent
members in order to attain the flexural capacity at the connection interface. The
development of main reinforcement is provided through bond stresses between the
steel bar and the surrounding concrete. When the embedment length beyond the
crit ical section is not sufficient to develop the steel bar, the bar would have to be
hooked to provide the required additional anchorage. Design codes 8 incorporate
comprehensive provisions to ensure proper development of tension and
compression steel bars. The strains associated with stresses along the tensile bar
development length create additional elongation of the tensile bar at the connection
interface (Figure 2-1O). This effect is referred to as bond slip. When a column is
subjected to lateral loads, the bond slip at the column base produces relative
rotation between the column and the connecting member. Bond slip deflection is
defined as the column lateral deflection resulting from bond slip rotation.

In this study, a method has been developed for calculating bond slip
deflection of reinforced concrete columns. The method is based on compatibil i ty
and equil ibrium of the tensile bars. The applicabil ity of this method is l imited to
columns with tensile bars having sufficient development length so as to prevent bar
pull out. The bond slip rotation (0") is assumed to occur about the neutral axis of
the column cross section at the connection interface as is shown in Figure 2-1O.
The neutral axis location and the strain and stress in the tensile steel corresponding
to the desired lateral load are determined from moment-curvature analysis of the

section. The additional longitudinal bar extension (6/), due to slippage, at the
interface is calculated at the outermost tensile steel layer in the column by
integrating the theoretical strain profi le along the embedded bar length inside the
connection (Figure 2-10). Thus, the bond slip rotation, 0", can be found as 6l

divided by the distance of the neutral axis to the center of the outermost tensile

steel layer. The corresponding lateral deflection at the top of the column (A") is

obtained as A" = e".1, where L is the column shear span. ln finding the theoretical
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strain profile along the embedded bar length, uniform bond stress is assumed along
a length required to develop a force equal to the bar tensile force at the bottom of
the column. For 0 35 mm (#11) or smaller deformed bars with sufficient concrete
confinement, the basic bond strength, u, of tension bars can be found using the
following equations 3a

zo ,lr:
U =

db

,  = n 'uE
db

,  frd,
l = -

4 u

s 5.5 (MPa)

< 800 (pst)

12-22a\

t2-22b1

t2-231

where do is the bar diameter using consistent units.

The two strain profiles shown in Figure 2-1O are based on the tri-linear steel
model presented in Section 2.3.3. Depending on the calculated strain in the
outermost steel layer of the column section at the interface, the strain profile along
the development length may assume one of the two profi les presented in Figure
2-1O. The two strain profi les represent the following cases:

{al Cafculated steel strain is less than or equal to strain hardening. e". h.,Jt"-!t)

When the calculated strain is less than the yield strain (er), the steel stress
(f") at the interface would be equal to Ee" which is less than the yield stress (fr).
Since the bond stress is assumed to be constant, the gradient of the strain profi le
along the embedded bar wil l have to be constant. In this case, the maximum strain
would be equal to the calculated strain. When the calculated strain is greater than
e, but less than or equal to the strain hardening of steel (e".6.), the steel stress
would be equal to fr. Since the stress along the development length is changing
at a constant rate, the maximum strain of the bar at the interface would have to
be equal to ey. From equil ibrium of forces, the development length, /, can be
calculated as follows:

The additional bar extension, 6/, can be found by integrating the strain profile

along the development length, /, as follows

e ^ l
6/ = -s'  (2-241

2

(bl Cafcufated steel strain is greater than strain hardening- e'. h.' lf" >J)

In this case, the strain profi le follows two strain gradients along the
embedded lengths I, and l, (see Figure 2-10). The strain at the column-footing
interface would be equal to the calculated strain e" from the moment-curvature

2 1



analysis. The strain reduces from e" to ey and
respectively. The absence of the yield plateau
stress along the development length changes at
found as follows

from ey to zero along l, and lr,
is due to the fact that the steel
a constant rate. /, and /, can be
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,  - V , - f r ) d o,., - -- 
4u

t  - frdo
'2  -  

4u

(2-251

t2-26l,

The additional bar extension, 6/, can be found by integrating the strain profile
along the development length, /, as follows

6 r  = e v l z  *  ( " . * e r ) l
2 2

12-271

2.5 Flexural and Shear Capacities

In seismic analysis of bridges, the maximum shear forces induced in the
columns are determined as the lateral forces required to develop plastic hinging in
the columns. Thus, it is essential that the flexural capacity of confined concrete
column be properly evaluated in order to predict the induced seismic shear forces.

The flexural capacity of confined concrete columns is normally higher than
the nominal flexural capacity as calculated according to code equations.s Priestley
and Park 35 reported that the confinement provided by lateral steel enhances the
flexural capacity of columns and that the degree of enhancement increases with an
increase in the applied axial load. Analytically, f lexural capacity is determined

through moment-curvature analysis of the column crit ical section. ln addition to

the maximum bending moment that the sectaon can resist, the moment-curvature
relationship of the crit ical section provides the ultimate curvature at which the

section is considered to have failed in flexure. Flexural failure is assumed as the

stage when the core concrete starts to crush or when the longitudinal steel

ruptures, whichever occurs first. lt must be noted that the maximum bending
moment may or may not correspond to the ultimate curvature, depending on the

longitudinal steel amount and distribution and the applied axial load.

Different methods are available to calculate the nominal shear capacity, V,,

of reinfOrced Concrete COlUmnS.s' 37' 38' 3s prtuuiOus studies ao'ot have shown that

when plastic hinging occurs, the concrete shear capacity in the plastic hinge region

is reduced due to the deterioration of concrete under inelastic cyclic loading. The

AASHTO s shear equations, which are based on the ACls equations, do not address

the reduced shear capacity of concrete in the plastic hinge region in specific details.

ACI seismic provisions require that the concrete shear capacity be neglected when

the axial load index (as defined in Section 1.2.41 is less than O.O5- Other

methods37.38,3s for calculating the shear capacity of concrete columns under seismic
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loads relate the concrete shear capacity to the attained ducti l i ty level. Following

are the most commonly used methods'

culiforni" D"o"rtm"nt ol Tr"n"oott"tion {GALTRANSI az

The nominal shear capacity, %, is calculated as follows:

V n = V " * V "

where
V" = concrete nominal shear capacity
V" = steel nominal shear caPacitY

V, is given bY

t2-281

(2-2sl

(2-301

A r f  v dv . = -- s

n  A r f r D '
v -  =  -
" 2 s

where

for t ies and cross ties

for spiral reinforcement

area of shear reinforcement
yield strength of shear reinforcement
distance from extreme concrete compression fiber to the centroid of

tension reinforcement
D, = diameter of concrete within the spiral measured to the spiral bar

center
s = spacing of shear rein{orcement in direction parallel to main

reinforcement

The method used by CALTRANS relates % to the confinement level, the

attained ducti l i ty ratio, and the applied axial load as follows:

( 2 - 3 1 )

A u =
f v =
d =

where
F1 :

F 2 i

f actor that depends on the level of conf inement and the

displacement ductility. F.l can be found according to Equation 2-3O

but need not be less than 0.3.
factor that depends on the applied compressive axial stress' lt

ranges between 1.0 for zero axial stress and 1 .5 for a compressive

stress of  6.90 MPa (1OOO Psi)
Ae : effective concrete area which is equal to 8Oo/o of the gross cross

sectional area of the column

F' can be found according to the following equation

v" = (F1)(Fz) ,{-r: o" s 0.o28rlf! A" (MPa\ = 4,,1f"' A" (psr)
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F,r =

F t =

where

p" fr,

1 .03

p" fr,

150

+ 3.67

+ 3.67

(MPal

(pst)

- F 6 < 3 ' 0

- u 6 s 3 . 0

12-32al

12-32b1

(2-33)
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t -' y t

p " =

yield strength of transverse reinforcement

v o lume of tr ansv er s e r einforc eme nt

volume of core concrete

Pdestley et a|.38

In this model, the shear
follows

V r = V " * V t * V p

where

resistance is provided by three components as

shear force carried by concrete
shear force carried by truss action (lateral reinforcement)
lateral component of compression strut in the column due to the
applied axial load (arch action)

In Priestley's model, the shear capacity of concrete at the crit ical section

depends on the displacement ducti l i ty and can be obtained as follows

V " =
v t :
v e =

I
I
I
I12-341

where
8O percent of the gross cross sectional area
0.29 in MPa uni ts (3.5 in psi  uni ts)  when !d,< 2,  and 0.1 in MPa

units (1.2 in psi units) when lt> 4. Linear interpolation is used for

dispfacement ducti l i t ies between 2 and 4.

The equations for the shear resistance provided by truss mechanism are

similar to the CALTRANS equations but modified by a factor to reflect the

inclination of the shear cracks. Thus, V, is evaluated as follows

I
I
I
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I
t

A " =
K =

for ties and cross ties

for spiral reinforcement

(2-3s)

(2-36)

V" = v"A" = kfi n"

v, = A'Ld 
"o1g

v, = Lf,v- "o1s
priestley recommends a value of 30' for 0 whereas CALTRANS equations
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are based on a more conservative shear crack inclination of 45'as suggested by
the ACI code.

The shear resistance due to arch action (Vr) is found from geometrical

consideration of the compression strut that forms between the flexural compression
at the top and bottom of the column. Vo is found as follows

v  = D - t P- P  
2 a

where

t2-371

P = aPPlied axial load
D = section depth or diameter
c = depth of the compression zone at the bottom of the column
a = total column length for a cantilever column (fixed-pinned) and

half column length for a column in reversed bending (fixed-
f ixed).

Priestley's method for evaluating the shear capacity of columns has been
adopted in the Federal Highway Administration (FHWA) report.3e For simplif ication,
however, the report recommends that Vo be taken as 20 percent of the applied
axial load.

2.6 Computer Program for Moment-Curvature Analysis

The development of moment-curvature relationships for reinforced concrete
columns requires a tremendous amount of iterative steps that makes it almost
prohibit ive for manual calculations. To facil i tate the analytical process in this
study, a computer program for the moment-curvature analysis of reinforced
concrete section was developed. The program (called RCMC) was written in
"C++"  and compi led  us ing  TURBO C++ 3 .O ( fo r  DOS)  f rom Bor land
lnternational.o2

The program includes many features that allow the user to model cross
sections with different shapes and confinement effects. Following are the features
of RCMC:
r Analysis of circular and non-circular cross sections
' Analysis of confined and unconfined cross sections
> Allowance for concrete layers of different confinement levels in the same

cross section
' Allowance {or steel layers o{ different properties in the same cross section
' The option of selecting one of two widely used models to represent the stress-

strain behavior of confined concrete
' The effect of crushing of the cover concrete on the section behavior

The moment-curvature analysis of reinforced concrete sections is based on
equil ibrium o{ forces and compatibil i ty of strains. Thus, the moment-curvature
problem is reduced to finding a strain profile for the cross section that would result
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in equil ibrium between the externally applied axial force and the internally
developed forces in concrete and steel. The strain profi le resulting in equil ibrium
of forces is used to calculate the curvature. The corresponding moment is then
found by summing the moments of forces developed in the cross section about the
cross section's plastic centoid. A complete moment-curvature profi le is found by
repeating the process for different strain levels at the cross section extremes (the
strain level is changed in an incremental order) unti l a failure criterion is met.

Development of moment-curvature relationships require many assumptions
to be made. Following are the assumptions made in the computer piogr";,1.1 RCMC:' Plane sections before bending remain plane after bending (l inear strain profi le)
' Perfect bond exists between steel bars and concrete
' The tensile strength of concrete is neglected
' The cross section is symmetric about the centroidal axis perpendicular to the

axis of bending
' The unconfined concrete stress-strain relationship can be modeled using the

Kent & Park concrete model presented in section 2.3.1
' The confined concrete stress-strain relationship can be modeled using either

the modified Kent & Park model or the modified Mander et al. modef presented
in Sect ion 2.3.2

' The constitutive relationship for steel can be modeled with a tri- l inear curve
as presented in Sect ion 2.3.3

' Failure of concrete is reached when the maximum strain in concrete is equal
to the ultimate strain as specified by the user

' Failure in steel occurs when the strain in any steel layer in the cross section
reaches the rupture strain

In moment-curvature analysis of reinforced concrete cross sections, at is
crit ical to evaluate the forces and their l ines of action in steel and concrete under
a given strain profi le. The forces in the steel bars can be found by assuming that
the strain in every bar is equal to the strain at the center of the bar. Knowing tfre
strain in steel, the corresponding stress (and thus force) can be found from the
stress-strain curve for steel. The compressive force in concrete, however, is found
by integrating the stress-strain curve of concrete over the compression area. In the
computer program RCMC, the integration process is approximated by dividing the
compressed concrete zone into 0.25 mm (0.O1 inch) deep strips. Depth of a strip
is considered perpendicular to the axis of bending. Every strip is assumed to be
under a constant strain equal to the strain at the center of gravity of that strip. The
corresponding stress can then be found from the stress-strain curve for concrete
as  is  shown in  F igure  2-11 .

Listing of the RCMC code and an input/output example are i l lustrated in
Appendix A.
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CHAPTER 3

SEISMIC EVALUATION OF R/C COLUMNS WITH STRUCTURAL FLARES

3.1 Introduction

Flared bridge columns have been used in Western United States since the
197O's. For aesthetics and uniformity, many box girder and plate girder bridges in
Nevada are fitted with flared columns that share the same architectural features
and cross sectional dimensions. This breed of columns is characterized by an
irregular octagonal cross section and a smooth parabolic f lare in the transverse
direction of the bridge (Figure 3- 1 ). The flare starts at 4.88 m (1 6 f eet) below the
top of the column (bottom of bent caP) and follows a parabolic shape. Different
column heights are achieved by extending the non-flared bottom segment of the
column to the required length.

The longitudinal and the lateral steel contents and details in those columns
vary from one bridge to another depending on the specific demand of each bridge
and the governing design code. Thus, the flexural and the shear strengths in the
columns differ from one bridge to another despite the geometric similarity of the
columns. The steel detailing in those flared columns reflects the prevailing practice
at the time when each bridge was designed.

Unlike the Mission-Gothic bridge columns that were damaged during the
1994 Northridge earthqudke,a's'e'; the majority of the flared-type bridge columns
used in Nevada are fitted with structural f lares since part or all of the main
reinforcement is placed along the flares. The flares in those columns are uti l ized
for not only their pleasant architectural effects, but also to enhance the flexural
capacity of the column segment where the flexural demand increases. Except for
one study on columns with architectural flares,3o there is a lack of research on the
seismic behavior of f lared columns, in general, and columns with structural f lares,
in particular. This chapter presents an analytical evaluation of columns with
structural flares and the effect of steel reinforcement arrangement on the seismic
performance of such columns. The analysis was conducted on existing bridges
located in Northern Nevada in areas considered to be high seismic risk regions.
However, the results provide in{ormation which is generally applicable to all
reinforced concrete columns with structural f lares.

3.2 Bridge Selection and Description

Four bridges supported on columns with structural f lares of the type
described in the previous section were selected for analysis. All four bridges are
located on major highways in Northern Nevada. The bridges are : l-1952, l-1949,
l-1556, and l-1250. The bridge selection was based on two main criteria: (a) age
of the bridge, and (b) the column end fixit ies. Thus, the selected bridges cover a
wide spectrum of various design details that were implemented during different
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periods over the past two decades (Table 3-1). The earthquakes of San Fernando
(1971), Loma Prieta (1989) and Northridge (1994) are considered as milestones in
seismic design evolution. Observed structural damage from each earthquake led
to better understanding of behavior and vulnerability of structures when subjected
to earthquake loading. The lessons learned from those earthquakes translated into
improvements in seismic provisions for structures. lt can be seen that Bridges
l-1556 and l -1250 represent the design era between the San Fernando and the
Loma Prieta earthquakes. whereas Bridges l-1952 and l-1949 are representative of
the design provisions implemented during the period extending between the Loma
Prieta and the Northridge earthquakes. Following is a general description of the
selected bridges. The general description of the bridges and their columns are
summarized in Tables 3-1 and 3-2, respectively.

Br idge l -1952

Bridge l -1952 is an undercrossing located on US 395 mi lepost WA18.58 at
the South Meadows Parkway Interchange south of Reno, Nevada. The bridge was
designed in 1993 and constructed in 1994 (Contract  No. 2567).  The design was
done in accordance with the 1992 AASHTO s Standard Speci f icat ions.

The superstructure of Bridge l-1952 consists of a two-span post-tensioned
reinforced concrete box girder. The Northbound and the Southbound structures are
separated with a 50 mm (2 in.) joint. The bridge is skewed at 43" . Schematic
plan of  Br idge l -1952 is presented in Figure 3-2.

The bridge end supports are seat-type abutments whereas the middle
support of each deck is an integral three-column bent. The columns are provided
with pin connections to the footings and moment connections to the bent cap.
Schematic elevations of the bent frames are shown in Figure 3-3. Each bent frame
is supported by a pile group consisting of 42 reinforced concrete piles. The design
load capacity of each pile is 624 kN (7O tons). The pile group cap is reinforced for
flexure (bottom and top steel) and shear.

The column reinforcement is identical in all six columns. Figure 3-4 shows
typical column details. The main reinforcement is placed in the column inner core
and along the flare. The core reinforcement consists of 24 036 mm (#1 1) bars
that are bundled in pairs and placed in a circular pattern. The flare main
reinforcement comprises 14 025 mm (#8) bars that run along the entire column
length in addition to 8 025 mm (#8) bars that are placed along the upper flared
segment extending 2.44 m (8 feet) below the bridge soffit. Thus, the total
longitudinal steel ratio varies between 1.50 percent at the top of the column to
2.49 percent for cross sections along the non flared column segment (Table 3-21.
The core reinforcement constitutes 68 percent and 77 percent of the total
reinforcement at the top and the bottom of the column, respectively. The lateral
steel comprises ties and cross ties engaging the flare reinforcement in addition to
a spiral placed around the core reinforcement. The lateral t ie sets consist of Q16
mm (#5) bars.  The t ie set  spacing is 152 mm (6 in.)  and 135 mm (5.3 in.)  in the
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flared segment and the non flared segment, respectively. The tie set spacing in the
non flared segment is based on the total number of t ies specified in the
construction drawings. The spiral is provided along the column full height and
consists of  019 mm (0.75 in.)  bar that  is  fabr icated to 1 .O4 m (41 in.)  outer
diameter and 7O mm (2.75 in.)  p i tch.

The specified material properties for steel and concrete in the columns are
AASHTO M 31 Grade 60 with a yield strength ol 414 MPa (6O Ksi) and Class DA-
Modified with a compressive strength of 31 MPa (4500 psi), respectively.

Bridge l-1949

Bridge l -1949 is an undercrossing located on lR 580 mi lepost WAI 521 at
Mount Rose Interchange south of Reno, Nevada. The bridge was designed in 1993
and constructed in 1994 (Contract  No.2567).  Design detai ls are based on the
1992 AASHTO s Standard Speci f icat ions.

Simi lar  to l -1952, the superstructure of  Br idge l -1949 consists of  a two-
span post-tensioned reinforced concrete box girder. The Northbound and the
Southbound structures are separated with a 5O mm (2 in.) joint. The bridge is
skewed at  46".  Schematic plan of  Br idge l -1949 is presented in Figure 3 '5.

The bridge end supports are seat-type abutments whereas the middle
support of each deck is an integral multi-column bent. The Northbound bent is
supported on five columns whereas the Southbound bent has four columns. The
columns are provided with pin connectaons to the footings and moment
connections to the bent cap. Schematic elevations of the bent frames are shown
in Figure 3-6. Each bent frame is supported by a spread footing. The footings are
reinforced for f lexure (bottom and top steel) and shear.

The column reinforcement is identical in all columns. Figure 3-7 shows
typical column details. The longitudinal reinforcement is placed in the column inner
core and along the f lare.  The core reinforcement consists of  12 036 mm (#1 1)
bars that are placed in a circular pattern. The flare main reinforcement comprises
28 036 mm (#1 1) bars that run along the entire column length in addition to 8 029
mm (#9) bars that are placed along the upper flared segment extending 2.97 m
(9.75 feet) below the bridge soffit. Thus, the total longitudinal steel ratio varies
between 1 .93 percent at the top of the column to 3.21 percent for cross sections
along the non flared column segment. The core reinforcement constitutes 26
percent and 30 percent of the total reinforcement at the top and the bottom of the
column, respectively (Table 3-2). The lateral steel comprises ties and cross ties
engaging the flare reinforcement in addition to a spiral placed around the core
reinforcement. Along the upper 2.29 m (7.5 feet) f lared segment, the lateral t ie
sets consist of 016 mm (#5) bars placed al76 mm (3 in.) vertical spacing. Along
the lower 2.44 m (8 feet) f lared segment, the lateral t ie sets consist of Q13 mm
(#4) bars placed at 152 mm (6 in.l vertical spacing. The ties along the non flared
segment are also of 013 mm (#4) bars, however, the vertical spacing is reduced
to 135 mm (5.3 in.) .  The spiral  is  provided along the column ful l  height and
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consists of  016 mm (#5) bar that  is  fabr icated to 1.02 m (4O in.)  outer diameter
and 76 mm (3 in.)  p i tch.

The specified material properties for steel and concrete in the columns are
AASHTO M 31 Grade 60 with a yield strength of 414 MPa (6O Ksi) and Class DA-
Modified with a compressive strength of 27.6 MPa (4OOO psi), respectively.

Bridge l-1556

Bridge l -1556 is an overcrossing located on lR 80 mi lepost WAl8.9 at
Sparks Boulevard Interchange in Sparks, Nevada. The bridge was designed in l g88
and constructed in 1989 (Contract No. 226O). The design specifications are
according to the 1983 AASHTO Standard Specifications with Interim Revisions.io

Bridge l-1556 is a two-span plate girder bridge. The superstructure consists
of eight plate girders supporting a 241 mm {9.5 in.} thick concrete slab deck. The
girders are identical and are equally spaced at 3.96 m (13 feet). The bridge is
skewed at 1 1 " . Schematic plan of Bridge l-1556 is presented in Figure 3-9.

The exterior supports are seat type abutments while the interior support is
a four-column bent. The columns are provided with moment connections to the
footings and the bent cap. Schematic elevation of the bent frame is shown in
Figure 3-8. Each column is supported by a group of four piles. The piles are
precast pre-tensioned concrete piles with a design load capacity of 1960 kN (22O
tons) per each pile. The pile caps are reinforced for f lexure (bottom and top steel)
and shear.

The column reinforcement is identical in all four columns. Figure 3-9 shows
typical column details. The main reinforcement is placed along the flare only and
consists of 20 Q36 mm (#1 1) bars that run along the entire column length in
addition to 12 Q22 mm (#7) bars that are placed along the upper flared segment
extending 3.O5 m (10 feet) below the bottom of the bent cap. Thus, the
longitudinal steel ratio varies between 1.O5 percent at the top of the column to
1.60 percent for cross sections along the non flared column segment (Table 3-21.
The lateral t ies and cross ties consist of 016 mm (#5) bars placed at 102 mm
(4 in.) vertical spacing throughout the entire column height. However, the tie set
arrangement used in the flared segment has two cross ties in the short direction
more than the tie set arrangement used in the non flared segment.

The specified material properties for steel and concrete in the columns are
ASTM 4615 Grade 60 with a yield strength ot 414 MPa (60 Ksi) and Class AA-
Modified (Major) with a compressive strength of 27.6 MPa {4000 psi}, respectively.

Bridge l-125O

Bridge l-1250 is a viaduct located on US 395 between mileposts WA22.7
and WA23.91 in Reno, Nevada. The bridge was designed in 1979 and constructed
in 1979 to 198O {Contract  No. 1812).  The design done in accordance with the
1977 AASHTO aa Standard Specifications and the 1978 Interim Specifications.
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The superstructure of Bridge l-125O consists of a sixteen-span reinforced
concrete box girder. The Northbound and the Southbound structures are separated
with a construction joint. Each superstructure is 469.8 m (1541.3 ft) long and is
divided into six frames that are separated by transverse hinges. The superstructure
in Frames 1 and 6 is post-tensioned. The bridge skew varies between 14" and O'.
Schematic elevat ion of  Br idge l -125O is presented in Figure 3-1O.

The bridge end supports are seat-type abutments whereas the middle
supports are multi-column bents. The bent frames are either three-column bents
or four-column bents. The four-column bents are used at the Southbound piers P1
through P4. The columns are provided with pin connections to the footings and
moment connections to the bent cap. Schematic elevations of the bent frames of
pier P1 are shown in Figure 3-1 1.  Al l  columns are supported on single foot ings.
The footings are reinforced for f lexure (bottom and top steel) and shear.

The transverse steel ratio and cross sectional dimensions are the same in all
columns. The column longitudinal reinforcement vary among different bents but
not among the columns of the same bent. However, only the first bent (P1) which
has the highest column longitudinal steel ratio is analyzed and presented in this
study. Columns with higher longitudinal steel ratios are more susceptible to shear
faifure because of the larger plastic moment capacities. Figure 3-12 presents
typical details of the columns in pier P1 . The main reinforcement is placed along
the flare only and consists oI 44036 mm (#1'l l bars at the top o{ the column and
reduces gradual ly to 24 Q36 mm (#1 1) bars wi th in the non f  lared segment.  The
longitudinal steel ratio varies between 1.79 percent at the top of the column to
2.13 percent for  cross sect ions located at  3.66 m (12 feet)  f rom the top of  the
column (Table 3-2). The lateral t ies and cross ties consist of 013 mm (#4) bars
placed at 102 mm (4 in.) vertical spacing throughout the entire column height.
However, the tie set arrangement used in the upper 1.83 m (6 feet) f lared segment
has one cross tie in the short direction more than the tie set arrangement used
elsewhere in the column.

The specified material properties for steel and concrete in the columns are
ASTM A615 Grade 60 with a yield strength ot 414 MPa (60 Ksi) and class AA-
Modified (Major) with a compressive strength of 27.6 MPa (4OOO psi), respectively.

3.3 Analytical Procedure and Results

In this study, the "limit state' method of analysis was employed to locate the
plastic hinges in the columns and the corresponding shear demands. Plastic

moment interaction diagrams for the columns were first developed then the

analysis was performed assuming that only dead loads and lateral seismic loads are
present. The bent {rames were analyzed along the strong direction of the flares.

Under lateral loading, the axial forces in the columns vary with the intensity and the

direction of the lateral load that is applied at center of gravity of the superstructure.

Thus, an iterative procedure was followed to obtain a set of equil ibirating lateral

and vertical forces when a mechanism is formed in the bent structure.
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3.3.1 Limit State Analysis

The limit state analysis of a moment resisting frame provides a tool to
evaluate the lateral load carrying capacity of the frame. Thus, the l imit state
represents the stage when the frame forms a mechanism under the applied lateral
loads.

A generic four-column moment resisting frame is shown in Figure 3-13. For
simplicity, the columns are assumed to be pinned at the base. In the absence of
lateral forces, the columns wil l be subjected to axial loads corresponding to the
imposed dead load of the structure. In Figure 3-13, the dead load axial forces are
represented by W, through Wo.

When a lateral force, F, is applied, the frame will be subjected to an
overturnang moment, Mor, equals to Ftl, where H is the moment arm of the lateral
load measured to the frame base. A resisting moment equal to the overturning
moment is provided through a set ol resisting axial forces that develop in the
cofumns (referred to as P, through P4l. The resisting axial forces are assumed to
vary l inearly among the columns. The value and direction of the resisting force in
each column depends on the direction of the applied lateral load and the distance
of the column to the center of rigidity of the frame. Thus, the adjusted axial force
in column i, lor example, would be equal to the algebraic sum W, * P,. For the
adjusted axial forces, the flexural capacity at different sections of each column can
be found from the moment interaction diagrams. The column flexural capacity
corresponds to the bending moment required to develop a plastic hinge. The shear
demand (VJ is found as the shear force required to develop one plastic hinge per
column in the case of f ixed-hinged columns and two plastic hinges per column in
the case of fixed-fixed columns. For a column with uniform flexural capacity along
its height, plastic hinges wil l form at points of maximum bending moment. When
the flexural capacity varies with the column height, different shear forces are
obtained for different hinge locations along the column. In this case, a plastic hinge
will {orm at a location that would minimize the shear demand.

Based on the above principles, limit state analysis of a multi-column bent can
be performed according to the following algorithm:

1. Find the dead load axial  forces in the columns.
2. Evaluate the column flexural capacity along the column height

corresponding to the applied axial force.
3. Find the shear demand in each column. The shear demand corresponds

to the plastic hinge location that would minimize the shear force in the
column.

4. Set the lateral load, F, equal to the sum of the shear forces, Vr.
5. Find the overturning moment, Mor, and the corresponding adjusted axial

forces.
6. Repeat steps 2 through 5 unti l the lateral load F in the final iteration is

equal to the lateral load found in the previous iteration. Two to four
iterations are normally needed to converge at a solution.
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In some cases, the adjusted axial force may be a tensile force. For columns
supported on piles, it can be assumed that the piles provide sufficient resistance
in order to develop the tensile forces obtained from the analysis. When no piles are
provided, the maximum tensile force in a column can not exceed the substructure
dead load that is attached to the column, and thus, uplifting of the footing occurs.
In the l imit state analysis, this is accounted for by considering the equil ibrium of the
frame at the init iation of uplift and at the l imit state. However, the additional
overturning lateral load past the init iation of uplift wil l be resisted only by the
columns that are not subjected to uplift.

3.3.2 Flexural Capacity

Flexural capacity of a cross section is considered as the effective yield
moment, under a given axial load, which corresponds to the formation of a plastic
hinge. The effective yield moment was discussed in Section 2.2. The flexural
capacities of the flared columns in this study vary along the columns height. Thus,
plastic hinges are formed at locations which do not necessarily coincide with
locations of maximum bending moments. To help locate plastic hinges, the flexural
capacity of each column had to be evaluated at several cross sections along the
column height. Moment-curvature relationships for the sections were developed
using computer program RCMC (Section 2.6). The confined concrete was modeled
according to the modified Mander et al. model (Section 2.3.21 and assuming that
the ultimate tensile strain of lateral steel is O.15. ln finding the confined concrete
properties, the effective lateral steel ratios of the recti l inear ties were considered.
The effective lateral steel ratio for the recti l inear ties in each direction was
calculated as the ratio of the effective lateral steel area to the effective confined
core size as follows

Effective Lateralsfee/ Ratio = 
ot,"o,to

s (h")"n
( 3 - 1 )

where
q =

lh"l"n =

angle between the lateral steel bars and the direction being
considered, i.e. the direction perpendicular to (h"1"6
effective section depth which is equal to the cross sectional area
of the confined core divided by the widest core dimension
perpendicular to lh 

"l "ns = center-to-center vertical spacing between the tie sets

The lateral steel ratios and the calculated confined flare concrete properties

for the columns of  Br idges l -1952, l -1949, l -1556 and l -1250 are presented in
Tables 3-3, 3-4, 3-5 and 3-6, respectively. In each table, the cross section location

is presented as the distance of the cross section from the top of the column. For

Bridges l-1952 and l-1949, the confined properties of the core concrete within the

spiral were also calculated since the lateral t ies and the spiral provide different
levels of confinement. ldeally, the flare lateral steel should add to the confinement
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of the core concrete. However, since existing confinement models do not provide
a method to account for the additional confinement, the confined properties of the
core concrete were based on the confinement provided by the spiral only. The
conf ined core concrete propert ies for  Br idges l -1952 and l -1949 are presented in
Table 3-7.

The longitudinal steel stress-strain curve was modeled according to the tri-
f inear relationship presented in Section 2.3.3 with the following propertiesi f, =
414MPa (60 Ksi) ,  E = 2OOOOO MPa (29OOO Ksi) ,  e",  :  O.01 ,  f ,u = 724MPa
( 1 O 5  K s i )  a n d  e " ,  =  0 . 1 6 .

To facil i tate the iterative procedure followed in the l imit state analysis,
p las t i c  moment  in te rac t ion  d iagrams were  deve loped.  F igures  3-14 ,3-15 ,3-16
and 3-17 show interaction diagram for cross sections taken at different heights
along the columns of  Br idges l -1952, l -1949, l -1 556 and l -125O, respect ively.
Each curve in these figures is marked with a number that reflects the distance (in
{eet) of the cross section measured to the bottom of the bent cap. Figures 3-14
through 3-17 reveal that the flexural capacity increases with an increase in the flare
dimension and that the highest f lexural capacity is at the top of the column.

3.3.3 Analytical Results

Lateral loads were applied transversely along the bridge skew. Thus,
bending was assumed to be about the column strong axis. Each bent was analyzed
twice with different loading directions to capture the effect of lateral load direction
reversal on the axial force in each column and the corresponding response. The
point of application of the lateral load (center of gravity of the superstructure) and
the init ial axial loads (dead loads) in the columns are summarized in Table 3-8. The
shear capacity was evaluated using the method prescribed by CALTRANS and
presented in Section 2.5. The CALTRANS method was adopted in this analysis
because it is more conservative than the other methods. For each loading case, the
f lexural capacities along the column heights.and the corresponding plastic hinge
Iocations and shear demands were calculated. The shear demands were then
compared to the shear capacities.

Bridge l-1952

The analyt ical  resul ts for  Br idge l -1952 are summarized in Tables 3-9(a)
through 3-9(c) and Tables 3-1O(a) through 3-1O(cl  for  the Northbound and the
Southbound frames, respectively. Tables 3-9(a) and 3-1O(a) present the calculated
flexural capacities. The corresponding shear demands and critical section locations
(centerof plastic hinge) are presented in Tables 3-9(b) and 3-1Otb). The calculated
shear capacities are shown in Tables 3-9(c) and 3-1O(c). The analytical results are
also plot ted in Figures 3-18(a) and (b) and Figures 3-19(a) and (b) for  the
Northbound and the Southbound frames, respectively. Part (a) of each figure
reflects the flexural capacity and demand along the column height when a
mechanism is formed in the frame. In part (b) of each figure, the shear demand
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and capacity corresponding to part (a) are plotted against the column heights. The
negative values in these figures have no significance other than to indicate a
reversal in the lateral load direction. The potential plastic hinge locations are also
ind ica ted  in  F igures  3-18  and 3-19 .

Figures 3-18(a) and 3-19(a) show that the f lexural  demand approaches the
flexural capacity of each column along the flared segment extending between the
bridge soffit and 1.83 m (6 feet) below the soffit. The calculated shear capacity,
on the other hand, is more than twice the shear demand. This behavior may be
considered ideal for columns with structural f lares because:

1 . The column exhibits a high factor of safety in shear.
2. The flexural capacity is utilized efficiently along the upper segment of the

f  la re .
3. The formation of a long plastic hinge extending to the top of the column

provides a higher displacement ducti l i ty as opposed to a concentrated
plastic hinge that is away from the column end (as seen during the
Northridge earthquake 6).

Br idge l -1949

Simi lar  to Br idge l -1952, the analyt ical  resul ts of  Br idge l -1949 are
summarized in Tables 3-1 1(a) through 3-1 1(c) and Tables 3-12(a) through 3-12(c)
for the Northbound and the Southbound frames, respectively. The analytical results
are also plot ted in Figures 3-2O(a) and (b) and Figures 3-21(a) and (b) for  the
Northbound and the Southbound frames, respectively. Figures 3-2O(a) and (b)
show that the flexural capacities in all columns are attained at sections located at
approximately 3.O5 m (10 feet) below the bridge soffit. Thus, the additional
flexural capacities provided by the flares toward the top of the columns will not be
fully uti l ized. For example, the flexural demand in column 1N at a section taken at
the top of the column constitutes 77 percent of the section moment capacity.
Figures 3-21(a) and (b) show that the columns of Bridge l-1949 possess adequate
shear capacity. However, the minimum margin between the shear capacity and the
shear demand is much less than that exhibited by the columns of Bridge l-1952.
Moreover, note that the plastic hinge region coincides with the areas over which
the lateral t ies and cross ties have been reduced f rom 016 mm @ ZO mm (#5 @
3") to 013 mm @ I SO mm (#4 @ 6") .  According to the analysis,  the amount of
lateral reinforcement would need to be higher and not lower than that in other
locations of the column.

Br idge l -1556

The analyt ical  resul ts of  Br idge l -1556 are summarized in Tables 3-13(a)
through 3-13(c). The analytical results are also plotted in Figures 3-221a) and (b).

Bridge l-1556 is the only bridge considered in this study with moment connections
at the footings. Figure 3-22lal shows that a plastic hinge will form at each end of
every column in the bent frame. At the top hinge, the flexural capacity is attained
along a 0.91 m (3-foot) segment of the column rather than at one discrete section,
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thus increasing the displacement ducti l i ty associated with plastic hinging. Plastic
hinging at the bottom of the column is assumed to spread for approximately half
a section depth.l Figure 3-22(bl reveals that the columns have ample shear
capacity. However, the capacity of the outer columns (Columns 1 and 4) at the
bottom plastic hinge is very close to the imposed shear. The calculated maximum
shear capacity at the bottom of the outer columns is 3510 kN (788 Kips) and the
corresponding shear force is 3430 kN (770 Kips). Note that the calculated shear
capacities do not include a reduction factor that is normally applied to nominal
strengths. Although the shear capacity appears to be adequate, extensive shear
cracking might develop within the bottom plastic hinge.

Bridge l-125O

The analyt ical  resul ts of  Br idge l -1250 are summarized in Tables 3-14(a)
through 3-14(c) and Tables 3-15(al  through 3-15(c) for  the Northbound and the
Southbound frames, respectively. The analytical results are also plotted in Figures
3-23(a) and (b) and Figures 3-24(a) and (b) for the Northbound and the Southbound
frames, respectively. The behavior of Bridge l-1250 is similar to that of Bridge l-
1556 in a sense that the plastic hinges in the columns form at sections away from
the cofumns upper ends. Figures 3-23(a) and 3-24(a) show that plastic hinges
init iate at approximately 2.74 m (9 feetl below the bridge soffit and that the
flexural capacities exceed the corresponding demands toward the top of the
columns. For example, when the lateral loading direction is from East to West, the
f lexural  capaci ty at  the top o{ Column 1N is 1 .25 t imes the f lexural  demand.
Because of  the relat ively low amount of  shear reinforcement (Figure 3-12),  the
plast ic hinge shear capaci ty in the columns of  Br idge l -125O appear to be
inadequate. Figure 3-23(b) shows that when the lateral loading direction is from
Eastto West, the plastic hinge shear strengths of the outer columns (1N and 3N)
are approximately equal to the corresponding shear demands, and that when the
loading is reversed, the plastic hinge shear capacity of Column 1N drops below the
applied shear force.

The results shown in Figures 3-23 and 3-24 are for specified material
properties. To evaluate the eflect of material over strength, Bridge l-125O was re-
analyzed using the measured material properties. The reported average measured
concrete compressive strength for the columns was 40.3 MPa (585O psi), and
average measured longitudinal and lateral steel yield strength was 484.1 MPa 17O.2
ksi). To include the increase in the concrete strength in time, the measured value
was increased by 20 percent and a concrete strength of 48.3 Mpa (7OOO psi) was
used in the analysis. The revised confined concrete properties and plastic moment
interaction diagrams are presented in Table 3-16 and Figure 3-25, respectively.
The revised analytical results are summarized in Tables 3-17(a) through 3-17(c) and
Tables 3-1g(a) through 3-18(c) for  the Northbound and the Southbound frames,
respectively. The revised analytical results are also plotted in Figures 3-26(a) and
(b) and Figures 3-27lal and (b) for the Northbound and the Southbound frames,
respectively. Inspection of Figures 3-26 (a) and 3-27 (a) shows that material over
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strength does not alter the general behavior of the columns. However, material
over strength results in flexural over strength, and consequently, induces higher
shear demands as is shown in Figures 3-26 (b) and 3-27 lbl. An example on the
effect of material over strength on shear demand and capacity is shown in
Table 3-19. For the loading case presented in Table 3-1 9,  the increase in shear
demand in Column 3N is 24 percent whereas the corresponding increase in shear
capacity inside the plastic hinge zone is 17 percent. This indicates that the column
is more vulnerable than that found from the analysis based on specified material
properties.

3.4 Discussion of Analytical Results

Comparing the analytical results of the bridges considered in this study, it
can be seen that columns with inner core reinforcement (Br idges l -1952 and
l-1949) are expected to behave satisfactori ly whereas those with reinforcement
placed along the f lares only (Br idges l -1556 and l -1250) may suffer shear fa i lure
or degradation. This can be attributed to the fact that placing some longitudinal
steel in a circular arrangement in the inner core allows for the addition of a spiral
that would greatly enhance the shear capacity of the column. Another advantage
o{ having a circular core reinforcement is that the column maintains a reserve
flexural capacity (at a reduced shear demand) after the load carrying capacity of the
flare concrete and steel is lost under relatively high lateral drifts.

The location of the plastic hinge along the column height mainly depends on
the amount of  longi tudinal  steel  p laced along the f lare.  When al l  or  a high
percentage of the main reinforcement is placed along the flare (Bridges l-1556 and
f-1250, Table 3-21, the plastic hinge is forced to form toward the bottom half of
the flare. On the other hand, when the flare reinforcement is reduced, the plastic
hinge location shifts toward the column top end. This is due to the fact that
parabolic flares increase the effective depth of the flare steel at a rate that is higher
than the rate of moment increase, thereby enhancing the contribution of such steel
to the flexural capacity. ln Bridge l-1952, 32 percent of the main steel is placed

along the upper segment of the flare whereas in Bridge l-1949 the flare steel
constitutes 73 percent of the total longitudinal steel. In Bridge l-1556, plastic

hinges are expected to form at the column tops although all of the longitudinal
reinforcement is placed along the flares (Figure 3-22(all. However, it should be

noticed that due to the moment connection at the bottom of the column, the point

of contraflexure is shifted to a section at approximately 1 .83 m (6 feet) above the

base, thus reducing the shear span of the upper column segment. For a column

identical to those of Bridge 1-1556 but with a pinned bottom, the plastic hinge

would init iate at a section at 3.05 m (lOfeet) below the soffit.

The lateral steel amount in the columns of Bridge l-125O is not only

insufficient in providing adequate shear capacity, but also does not meet the code

minimum requirements for confinement steel in the plastic hinge zone. Note that

Bridge l-125O was designed before the current code requirements were developed.

The lateral steel ratio in the long direction of the column cross section is O.OO4O
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(Table 3-21. According to AASHTO s and CALTRANS 10, the corresponding
minimum confinement steel ratios are 0.0O80 and 0.0057, respectively. For a
lateral steel ratio of 0.0057, the shear capacity of the plastic hinge would increase
by 668 kN (150 Kips).  Inthis case, the columns of  Br idge l -1250 would possess
adequate shear capacity. Moreover, the existing spacing between the legs of t ies
and cross ties placed in the long direction in the plastic hinge region vary between
387 mm (15 .25  in . )  and 537 mm { .21 .15  in . ) .  These spac ings  exceed the
maximum spacing of 356 mm (14 inches) that is specified by AASHTO to ensure
proper confinement.

The formation of plastic hinge away from the column end can generally
increase the shear demand. However, if shear failure is avoided by providing
sufficient lateral steel, the relocation of the hinge from the end may be
advantageous in terms of access for any repair work after a moderate to strong
earthquake. Replacement of longitudinal bars that have failed or buckled at some
distance lrom the pier cap is considerably easier than that of bars that are adjacent
to the cap. The analytical results presented in this study indicated that the ratio
of the longitudinal bars in the flares to the total steel ratio can be used as a
parameter to control the plastic hinge location while allowing for a flared column
which is aesthetically pleasing.
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CHAPTER 4

EXPERIMENTAL PROGRAM

4.1 lntroduction

The experimental program in this study was designed to meet two main
objectives. The first objective was to determine the ducti l i ty capacity of newly
constructed rectangular bridge columns with moderate amount of confinement
steel. The second objective was to evaluate the seismic performance of potentially
vulnerable bridge columns with structural f lares.

To investigate the ducti l i ty provided by moderate conf inement, four
half-scale rectangular bridge columns were designed, constructed, and tested in the
course of this study. Two parameters were varied in the tests: the transverse
steel reinforcement amount and the axial load level. Each specimen was tested
under constant axial load while subjected to lateral load reversals in the strong
direction of the column. The specimens were provided with reduced amounts of
confining steel below that required by the codes s' 1o' 14 for bridge seismic design.
All specimens were designed to fail in f lexure. Based on the maximum lateral loads
expected to be reached during the tests, the selected amounts of transverse steel
were checked to ensure that the shear capacity of each specimen exceeded the

corresponding shear demand and that the specimens would not fail in shear. Other

details pertaining to lateral and vertical spacing of t ies and extension of standard
hooks met the code requirements.

The analysis on flared columns presented in Chapter 3 revealed that the

seismic performance of such columns is mainly dependent on the amount and the

distribution of longitudinal reinforcement and that some columns may lack sufficient

shear capacity when they develop plastic hinges. Proof tests on two scaled flared

column specimens were conducted in this study. The objectives of the tests were

to confirm the analytical predictions on the seismic response of columns with

structural flares and to verify the applicability of different methods used to evaluate

the shear capacity of columns. The conclusions of this study were also employed

to identify potentially vulnerable columns in Nevada highway bridges and to select
(in subsequent studies) possible retrofitt ing schemes for such columns. The two

specimens represented 40 percent scaled models of the prototype columns used

in Bridge l-1250 (Chapter 3). The varied parameter between the specimens was

tne longitudinal steel amount which represented the highest and the lowest

longitudinal steel ratios used in the columns of Bridge l-125o. lt should be noted

th.i tn" lateral reinforcement amount and detailing are similar in all columns of the

prototype bridge. However, three different longitudinal steel configurations

iqr.nti iy and distribution) are implemented for columns of different bents- The

specimens were tested under constant compressive axial loads while subiected to

cyclic lateral drifts along the flare strong direction. The imposed axial loads in the

tests were scaled representation of the dead load and superimposed dead load in
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the prototype bridge columns.

4.2 Rectangular Column Specimens

4.2.1 Design of Test Specimens

The column specimens were designed to represent half-scale models of the
prototype rectangular column discussed in Section 1.2.7. The geometrical
dimensions and the amount of longitudinal reinforcement were kept the same for
all specimens. Based on the amount of confinement steel, the specimens were
divided into two groups. Group I included Specimens A1 and A2 whereas Group ll
included Specimens B1 and 82. The lateral confinement in the specimens of
Group I and Group ll corresponded to approximately 46 percent and 60 percent,
respectively, of the current AASHTO s seismic detail ing requirement. The columns
were supported by rectangular footings which would transfer the applied loads to
the strong floor of the testing laboratory. Rocking of the footing under lateral loads
was prevented by tie-downs holding the footing to the floor. Each column was
assumed to be fixed at the bottom end where it connected to the footing and
hinged at the top end where the lateral load was applied. The loading point
represented the column inflection point. Figures 4-1 and 4-2 present the final
design details of the columns in Group I and Group ll, respectively. The following
are sections describe different aspects considered in the design of the specimens.

Column Cross Section

Each test  column was 380 mm (15 in.)  wide by 610 mm (24 in. l  deep and
was reinforced with 18 019 mm (#6) bars, resulting in longitudinal reinforcement
ratio, gr, of 2.2o/o. Current seismic requirementss'e'10'10 l imit the longitudinal steel
ratio in columns between 1 percent and 6 percent. However, ratios below 2.5
percent are normally used in bridge columns. The specified concrete compressive
strength and steel  y ie ld stress were 27.6MPa (4.0 Ksi)  and 414 MPa (60 Ksi) ,
respectively.

Column Height

The column height was determined by considering two factors: the
prototype height and the constraints of the testing facility. A height of 2O5O mm
(6.7 ft) was selected for the column specimen. The loading assembly at the top
of the specimen increased the moment arm by 3O5 mm (12 in.) ,  thusthe height
from the horizontal loading point to the top of the footing was 2355 mm (7.7 ft).
For bridge columns bending in single curvature, the column specimen height would
correspond to a prototype column height of approximately 47OO mm (15 ft). For
columns which bend in double curvature, the corresponding full-scale column height
would be approximately 94OO mm (3O ft).
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Transverse Reinforcement

For moderate confinement effects, the transverse reinforcement amount in
the potential plastic hinge region {defined as 1.5 times the long dimension of the
column section) was decided to be in the vicinity of one-half the minimum lateral
steel required by AASHTO e for seismic detail ing. To prevent premature buckling
of longitudinal bars, an upper l imit on hoop set spacing, s, was set at six t imes the
longi tudinal  bar diameter 16dbl  resul t ing in a l imi t  of  114 mm (4.5 in.) .

Each tie set in the potential plastic hinge zone of the test specimens
consisted of 1 06 mm (#2) perimeter hoop, 2 06 mm (#2) cross ties in the long
direction, and 2 Q10 mm (#3) cross ties in the short direction (Figures 4-1 and 4-2]l.
Such arrangement allowed for the engagement of all longitudinal bars along the
short side of the column, and every other longitudinal bar along the long side of the
column. The perimeter t ie free ends were 135' hooks whereas the cross ties had
135'hook on one end and 90" hook on the other. In all cases the hook extension
was equivalent to ten times the bar diameter as required by AASHTO.S Placement
of the 90' hook was alternated between the section opposite ends. A scaled down
concrete cover of  28 mm (1% in.)  was employed. For the specimens in Group I
(Specimens A1 and A2) the t ie set  spacing was set at  11O mm 14.25 in.)
corresponding to a transverse reinforcement ratio in the long direction of O.OO37
or 46 percent of the minimum confinement steel required by AASHTO. In Group
l l  (Specimens 81 and 82) the spacing of  the t ie sets was reduced to 83 mm
(3.25 in.) resulting in a transverse reinforcement ratio in the long direction of
0.OO48 or 6O percent of the minimum AASHTO requirement. In the short
direction, the lateral steel reinforcement ratios were O.OO35 and 0.0046 for
specimens in Group I and Group ll, respectively. These ratios correspond to 44
percent and 58 percent of the minimum requirement by AASHTO. The lateral steel
ratios for the test specimens inside the potential plastic hinge regions are presented
in Table 4-1 . The tie set arrangement and spacing were maintained the same along
the column height.  However,  only 01O mm (#3) bars were used outside the
potential plastic hinge region.

Based on the transverse steel arrangements, the shear capacities inside the
plastic hinge region of the test specimens were calculated and compared with the
shear demands. The nominal shear capacity, %, was calculated twice according
to the two different methods adopted by CALTRANS 37 and the Federal Highway
Retrofitt ing Manual3s (section 2.5). The shear demand was estimated by assuming
that the flexural capacity of the confined section is approximately 1.2 times the
nominal moment capacity of the unconfined section. The flexural over strength
was assumed to be a function of the axial load according to the method presented
by Paulay and Priestley.l The shear capacity and demand and the flexural over
strength were based on the selected axial load indexes (as defined in Section 1.2.41
of O.1 for Specimens A1 and 81 and 0.25 for Specimens A2 and T.2. The
estimated shear capacities and demands are summarized in Table 4-2. lt was
found that, under the imposed test conditions, the specimens would be safe in
shear.
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Footing Design

The reinforced concrete footings were designed such that no flexural yielding
and/or shear failure would occur under the estimated extreme loading conditions.
For ease of construction and setup, a uniform footing design was adopted for all
four specimens. The specified concrete compressive strength and the steel yield
stress were 27.6 MPa (4.0 Ksi) and 414MPa (60 Ksi), respectively. Each footing
was 2.44 meters (8 feet)  long by 1.83 m (6 f t )  wide by O.71 m {2.33 f t )  deep.
Since rocking was prevented by means of tie-downs, the footing was designed for
positive and negative bending moments in both directions. Flexural reinforcement
consisted of identical top and bottom steel mats. Each mat comprised 8 02b mm
(#81 bars in the long direction and 1O 025 mm (#8) bars in the short direction. The
bar ends consisted of  a 9Oo bend plus a 4O5 mm (16 in.)  hook extension. The
concrete cover was 75 mm (3 in.)  on al l  s ides.  Shear reinforcement was not
provided in the footings because it was found that the nominal shear capacity of
the footing concrete was 2.3 times the shear demand. A typical footing is shown
in Figure 4-3.

4.2.2 Construction of Test Specimens

The specimens were built in pairs at the laboratory. The footings were
constructed on a flat plywood platform to provide a smooth bottom surface and to
protect the concrete floor of the laboratory.

First, the footing form was erected, then a layer of form release oil was
applied to the plywood surfaces that would be in contact with concrete. The pre-
assembled bottom mat of the footing reinforcing steel cage was placed inside the
mold. To facil i tate the placement of column ties inside the footing, the column
main reinforcement was installed before placing the footing top steel mat.
Although the footing depth was ample to develop the column main bars, all
embedded column bar ends inside the footings were provided with 9O' hooks and
25O mm (10 in.)  extensions for added anchorage and ease of  construct ion.  Pr ior
to placing concrete,  s ix 075 mm (3 in.)  by 740 mm (28 in.)  long plast ic s leeves
were placed vertically inside the footing mold to allow for the passage of t ie-down
and Dywidagt" bars used to apply axial loads during the test.

The concrete was ready mixed and was supplied by a local batch plant.
Concrete slump was always measured prior to pouring. Slump measures are
reported in Table 4-3. The footing concrete was poured and vibrated in 350 mm
(1 3 in.l l i fts then the surface of the footing was troweled to a smooth finish. Nine
15O mm (6 in.)  d iameter by 300 mm (12 in.)  concrete cyl inders were taken from
every footing. The footings were moist cured for seven days.

The column steel cage was completed by tying the transverse steel around
the main bars extending from the footing then the column forms were l itted in
place. Figure 4-4 presents a completed steel cage prior to placing of footing
concrete. To facil i tate the installation of LVDT's (l inear variable differential
transformersl along the potential plastic hinge length, five pairs of 06 mm (O.25 in.)
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by 710 mm (28 in.) long galvanized threaded rods were placed horizontally through
the column plywood mold. The rods were positioned parallel to the long side of the
column at predetermined height intervals and they extended about 50 mm (2 in.)
outside the column face at both ends. Plastic cones were fitted at both ends of
each rod to form cavities in the cover concrete around the rods. This was needed
to prevent deviations in the LVDT readings during spall ing of the column cover
concrete.  FourQ3S mm (13le in.)  A325 anchor bol ts were placed vert ical ly at the
top of  the column mold to al low for the hook up of  the loading mechanism. For
added anchorage, the bolts were fully threaded and were fitted with 1O0 mm x 75
mm x 6 mm (4 in. x 3 in. x 0.5 in.) anchor plates at the embedded ends. Each bolt
had a 53O mm (21 in)  embedded length and 1OO mm (4 in.)  extension above the
top of the column. The column concrete was placed and vibrated in 460 mm
(18 in.)  l i f ts ,  then moisture cured for seven days. Simi lar  to the foot ings,  n ine
concrete test cylinders were taken for each column.

4.2.3 Material Properties

In order to evaluate the column test results, the actual material properties of
concrete and steel were measured.

The concrete compressive strength was obtained from compression tests of
the concrete cylinders. For each batch, sets of three cylinders were tested at
seven days, twenty-eight days, and on the day of testing of the column specimen.
Concrete compressive strength results are presented in Table 4-3.

Tensile tests of the reinforcing steel were carried out for bar sizes 06 mm
l#21,  $10 mm (#3) ,  and Q19 mm (#6) .  Foreach bar  s ize ,  th ree  spec imens were
tested. Figures 4-5 to 4-7 present the measured stress-strain relationships for bar
sizes Q6 mm, Q1O mm, and Q19 mm, respectively. The average measured stress-
strain values of the three bar sizes are shown on the same plot in Figure 4-8 and
the average measured steel properties are also summarized in Table 4-4.

4.2.4 Instrumentation

The specimens were instrumented with an array of strain gages, LVDT's, and
load cells. The instrumentation arrangement was nearly identical in the four
specimens. In all, twenty-eight strain gages, eleven LVDT's, and three load cells
were used to collect data from each test.

In each column specimen, eight longitudinal bars and three tie sets were
instrumented with strain gages. Longitudinal bars with strain gages were placed
in the first and the last two steel layers as shown in Figure 4-9. Each instrumented
longitudinal bar was fitted with two strain gages, one at the interface of the
column and the footing, and the other at mid-distance between the first and the
second tie sets from the bottom of the column.

To study the effectiveness of the confining steel, the first three tie sets from
the bottom of the column were fitted with strain gages (Figure 4-1O). For each tie
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set, four gages were attached as follows: one gage at each short side of the
perimeter t ie, one gage at one long side of the perimeter t ie, and one gage at one
of the long cross ties.

To measure strain in the concrete and curvature along the potential plastic
hinge zone, f ive pairs of LVDT's were installed within a height of 685 mm (27 in.)
from the bottom of the column. This height was divided into five intervals
representing five gage lengths as shown in Figure 4-11 . ln each interval, two
LVDT's were placed, one on each side of the column. Based on the gage length,
different range LVDT's were selected. The bottom 76 mm (3 in.) and 1OO mm (4
in.)  gage lengths were f i t ted wi th t  13 mm (+O.5 in.)  and +25 mm (t  1 in.)  range
LVDT's, respectively. The top three gauge lengths were all f i tted with t 50 mm
( t  2 in.)  range LVDT's.

The lateral deflection of the column was measured along the centerline of the
hydraulic actuator applying the lateral load. This w,as accomplished through the
actuator LVDT.

To measure the axial load applied by the two DywidagrM prestressing bars,
a load cell was installed under the top anchor mechanism of each bar. The lateral
load applied at the top o{ the column was measured by the actuator load cell.

Data from strain gages, LVDT's and load cells were collected and recorded
using a Megadac Model 5033A data acquisit ion system. The system was set to
scan and record instrument readings at a rate of one reading per second. Data
recording could be stopped and resumed at any instant during the test.

4.2.5 Test Setup

The test specimen was lifted and set at the test location. To level the
specimen and to provide full contact between the footing and the floor of the
testing laboratory, the bottom of the footing was set about 13 mm (0.5 in.) above
the floor, then a mix of gypsum cement (hydrostone) was poured to fi l l  the gap
between the bottom of the footing and the floor. The test setup is shown in Figure
4 - 1 2 .

The transfer of axial and lateral loads to the specimen was accomplished
through a steel l-beam that was placed across the top of the column as shown in
Figure 4-12. The flange width, f lange thickness and web thickness of the steel
beam were 3O5 mm (12 in.) ,  5O mm (2 in.)  and 25 mm (1 in.) ,  respect ively.  The
beam length was 1 52O mm (60 in.)  and the overal l  depth was 61O mm (24 in) .
Four $38 mm (1.5 in.) holes were dril led in the bottom flange of the beam to allow
for the passage of the column anchor bolts. To prevent stress concentrations and
cracking of the concrete at the top of the column, a 61O mm (24 in.l by 38O mm
(15 in.) by 16 mm (7e in.) steel plate was placed between the steel beam and the
top of the column. The cross beam was then placed in position and secured to the
top of the column by means of four $35 mm (1 /a in.) nuts.
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To prevent rocking of the footing under the applied overturning moments
during the test, four Q32 mm (1% in.l DywidagrM bars were used to tie down the
footing to the strong floor. The prestressing bars were passed through the sleeves
in the footing and the strong floor. Each bar was stressed to an init ial jacking
force of 134 kN (gO Kips) then was anchored at the top of the footing and th-
bottom of the floor slab.

Lateral  loads were appl ied using a 490 kN (110 Kips) MTS hydraul ic
actuator. The actuator base was first connected to the reaction wall by a
connector steel plate then the actuator head was extended and connected to the
web of the cross beam on top of the column. In its init ial position, the actuator
was level  and had a potent ia l  maximum stroke of  + 280 mm ( + 1 1 in.) .

Two 035 mm (1% in.)  DywidagrM bars were used to apply the axial  load.
The init ial prestressing force was applied by one hydraulic jack per each bar. The
jacks were placed at the top of the steel cross beam, then the prestressing bars
were extended vertically and anchored at the top of the jacks and the bottom of the
strong floor. The jacks were identical and were connected in parallel to the same
hydraul ic pump. To minimize axial  load f luctuat ion caused by var iat ion in the
prestressing bars length under different drift levels , a 70 MPa (1 O,OOO psi) pressure
accumulator was hooked to the hydraulic system between the pump and the jacks.

4.3 Flared Column Specimens

4.3.1 Design of Test Specimens

Two flared column specimens, referred to as HS and LS, were designed to
represent 40 percent scaled models of the prototype columns of Bridge l-125O.
Specimens HS and LS corresponded to the upper bound and the lower bound
longitudinal steel amounts, respectively, used in the columns of the bridge. The
highest and the lowest longitudinal steel ratios in the prototype columns are 1.79
percent and 1.O2 percent, respectively, for cross sections at the top of the
columns.

To facil i tate the test setup, each specimen was configured to represent an
inverted position of the actual column. Thus, the specimen footing corresponded
to the bridge bent cap whereas the top of the specimen represented the hinge
connection between the prototype column and its footing (Figures 4-13 and 4-141.
The following sections describe the test specimens.

Column Cross Section

The main reinforcement in the column specimens consisted of Q16 mm (#5)
bars (Figures 4-13 and 4-141. The longitudinal steel ratio in each specimen was
kept the same as in the corresponding prototype column. However, to satisfy the
code E minimum limit on the clear spacing between longitudinal bars, the number
of interior steel layers in the specimen was less than that in the prototype column.
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Lateral steel in the column specimens comprised 06 mm (#2) ties and cross
ties. The lateral steel configuration in the test specimens was similar to that in the
prototype columns. To maintain the same lateral steel ratios in the model and the
prototype, a tie set spacing of 64 mm (2.5 in) was selected for the specimens.

To ensure that the behavior of the scaled model would be representative of
the prototype column behavior, moment-curvature relationships of the modef was
compared to those of the actual column using specified material properties. Figure
4-15 shows a comparison between the moment-curvature relationships of
Specimen HS and the corresponding prototype. The curves in Figure 4-1S were
developed for the largest cross section {corresponding to top of f lared segment in
prototype) under different axial load levels. The specimen moment-curvature
relationships in Figure 4- 1 5 were modified by adjustment factors to account for the
effect of scaling. For any axial load case, the adjustment factor applied to the
moment values was the ratio of the prototype effective yield moment to model
effective yield moment. Similarly, the curvature adjustment factor was the ratio
of the prototype effective yield curvature to that of the model. lnspection of Figure
4-15 shows that the scaled model is expected to exhibit similar behavior to that of
the prototype despite the difference in the longitudinal bars configurations.

The top of the column specimen consisted of an integral concrete loading
block.  The block was 864 mm (34 in.)  h igh by71l  mm (29 in.)  deep ( in the f lare
direct ion) by 762 mm (30 in.)  wide. The purpose of  the block was to provide a
connection between the column and both the lateral and vertical loading
mechanisms.

The speci f ied concrete strength for  the columns was 48.3 Mpa (7.0 Ksi)
wi th maximum aggregate s ize of  1O mm (o/e in.) .

Column Height

The column height between the footing and the loading block was 2OO7 mm
(79 in.). The lower 1956 mm 177 in.) segment of the column represented the 4.gg
m (16 ft) parabolic flare transition of the prototype. The distance between the mid-
height of the loading block to the top of the footing was 24gg mm (96 in.).
Considering that the lateral load l ine of action would be at approximately the mid-
height of the loading block, the specimen would be representative of a prototype
column height of  6.1O m (20 f t ) .

Footing Design

Similar to the rectangular column specimens, the reinforced concrete
footings for Specimens HS and LS were designed such that no flexural yielding
and/or shear failure would occur under the estimated extreme loading conditions.
A uniform footing design was adopted for both specimens. A typical footing is
shown in Figure 4-16. The specified concrete compressive strength and the steel
y ie ld stress were 34.5 MPa (5.0 Ksi)  and 414 MPa (60 Ksi) ,  respect ively.  The
foot ing was 3.05 meters (10 feet)  long by 1.83 m (6 f t )  wide by 0.61 m {2 f t )
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deep. Since rocking was prevented by means of t ie-downs, the footing was
designed for positive and negative bending moments in both directions. Flexurat
reinforcement consisted of identical top and bottom steel mats. Each mat
comprised 8-Q22 mm {#7} bars in the long direction and 1O-Q22 mm {#7} bars in
the short direction. The bar ends consisted of a 90" bend plus a 3O5 mm (12 in.)
hook extension. The concrete cover was 51 mm (2 in.)  on al l  s ides.  Shear
reinforcement was provided as Q10 mm (#31 bars placed at locations where flexural
steel bars intersected each other. At all locations where the footing would be tied
to the floor, a set of 4-Q1O mm (#3) was used to reinforce the footing against
possible cracking under the prestressing forces.

4.3.2 Construction of Test Specimens

The flared column specimens were constructed simultaneously following a
procedure similar to that used in constructing the rectangular column specimens
(Section 4.2.21. The following are the construction details that were specific for
Specimens HS and LS.

The footings were each fitted with six Q75 mm (3 in.) plastic sleeves and
two 76 mm (3 in.) by 152 mm (6 in.) slots to allow for the passage of the tie-down
bars and the axial load prestressing bars, respectively (Figure 4-16). To facil i tate
the instal lat ion of  LVDT's,  ten pairs of  Q6 mm (% in. l  by 1118 mm (44 in.)  long
galvanized threaded rods were placed horizontally through the column plywood
form. Prior to pouring the column concrete, four Q19 mm (% in.l 4325 bolts were
placed vertically at the top of the loading block form. The bolts were needed to
attach the steel cross beam that would transfer the axial load to the column during
the test. Each bolt had 2O0 mm (8 in) embedded length and 1OO mm (4 in)
extension above the top of the loading block. The loading block was also fitted
with four Q75 mm (3 in.) plastic sleeves to allow for the hook up of the actuator
head. The sleeves were placed horizontally along the flare direction as is shown
in Figures 4-13 and 4-14.

4.3.3 Material Properties

The concrete compressive strength was obtained from compression tests of
the concrete cylinders. For each batch, sets of three cylinders were tested at
seven days, twenty-eight days, and on the day of testing of the column specimen.
Concrete slump and compressive strength results are presented in Table 4-5.

The measured tensile properties of 06 mm l#21 lateral steel were similar to
the measured properties for 06 mm (#2) bars used for the rectangular columns.
Six tensile tests were performed to obtain the properties of 016 mm (#5) bars at
yield and at ultimate strength. The tensile properties of reinforcing steel used for
the flared column specimens are summarized in Table 4-6.

4.3.4 Instrumentation

The longitudinal steel in each specimen was instrumented with twenty- two
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electric resistance strain gages placed at four levels along the column height and
at one level inside the footing. The locations of the strain gages are shown in
Figures 4-17 and 4-18 for specimens HS and LS, respectively.

Lateral steel was also instrumented with strain gages. ln each specimen.
five tie sets at different heights along the column were instrumented. Each tie set
was fitted with five strain gages. Detailed locations of the lateral steel strain gages
are shown in Figures 4-19 and 4-2A for Specimens HS and LS, respectively.

Normal strains in concrete and curvatures along the lower l .50 m (59 in.)
column segment were measured by means of ten pairs of LVDT's placed along ten
consecutive intervals. The LVDT's locations, displacement intervals anO lage
lengths are presented in Figures 4-21 and 4-22 for Specimens HS and LS,
respectively.

Shear deflections along the potential plastic hinge region were monitored by
means of  two 51O mm (20 in. l  posi t ion t ransducers (made by Celesco).  The
transducers were positioned at an angle to the horizontal as shown in Figures 4-21
and 4-22.

Lateral deflections of the columns were measured along the centerline of the
hydraulic ram applying the lateral load. Measurements were registered by the
actuator built- in LVDT.

Lateral and axial loads were measured using load cells according to the
procedure used for the rectangular column specimens (sect ion 4.2.41.

Data collected from the instruments were recorded by a Megadac Model
5033 A data acquisit ion system which was set to scan and record data at a rate
of one sample per second.

4.3.5 Test Setup

The test setup for the flared specimens is shown in Figure 4-23. The test
setup for Specimens HS and LS was similar to that of the rectangular columns
except for few variations. Leveling of the specimen and the axial load mechanism
were identical to the procedure described in Section 4.2.5.

The specimen footing was tied down to the laboratory floor by six $32 mm
(17r in.) DywidagrM prestressing bars. Each bar was stressed to an init ial jacking
load o f  178 kN (40  K ips) .

Lateral load was applied by a 2000 kN {450 Kips) MTS hydraulic actuator.
The actuator base was connected to the reaction wall through a steel connector
plate. The actuator head was connected to the loading block at the top of the
specimen. In its init ial position, the actuator was level and had a potential stroke
ol x.254 mm (* 1O in.). After each setup was completed, the shear span between
the actuator centerline and the bottom of the columns was measured. lt was
found that the shear span for both specimens was 2426 mm (95.5 in.).
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CHAPTER 5

EXPERIMENTAL PROCEDURE AND RESULTS

5.1 Introduction

The general experimental procedure applied in this study was nearly identical
for all six column specimens. Each specimen was tested under constant axial load
while subjected to lateral drift reversals along the column strong direction.

General aspects of the tests are presented in this section. The test
procedure and the measured results for each specimen are described subsequently.

The specimens were tested after the concrete had cured for at least f ive
weeks. Concrete strength was measured at approximately 48 hours before the
tests. Since the concrete strength increases at a very low rate after the age of 28
days, the measured strength was considered as the concrete compressive on the
day of testing. Prior to testing, the effective lateral yield load, lF, ),,, , wdS
calculated based on the measured material properties. The method for determining
lFyl.rr was presented in Section 2.2. On the day of testing, the desired axial load
was first applied then the specimen was subjected to unidirectional lateral cyclic
loading in the strong direction of the column. The loading was monotonic, load
control led up to tO.75 lFr l*r ,  and displacement control led af terward. Each
specimen was subjected to one full cycle at post-cracking moment ltM",), one full
cycfe at tO.75 (Fyl.ff, two full cycles at displacement ducti l i ty Fa,ol t 1, and two
full cycles at po of *2. Subsequently, Specimens A1 and 81 were cycled at
displacement ducti l i ty increments of 2, whereas Specimens A2, 82, LS and HS
were cycled at displacement ducti l i ty increments of 1, unti l failure. Failure of the
specimen was considered to occur when the longitudinal steel ruptured or when the
lateral load carrying capacity was reduced by at least 25 percent of the maximum
measured section capacity. The latter failure criterion was set to avoid stabil ity
problems associated with high drifts and reduced strength.

Lateral displacements were measured along the actuator centerline. The
yield displacement was experimentally determined by measuring the lateral
displacements,  A,  at  ,+O.75 lFr ln,  and Aa, at  -O.75 lFvl"r .  The corresponding
average displacement (A,"e. = (A1 * M/2lwas considered as 75 percent the yield

displacement (0.75 Ay). The yield disirlacement was then found by l inear
extrapofation as A, = A"rs./O.7s. The rectangular column specimens were tested
prior to the development of the computer program RCMC (Section 2.6). Thus, the
analytical effective yield moment used to determine the experimental yield

displacement was obtained from existing programs that did not allow for the
inclusion of different properties for the cover and the core concrete. After the
development of RCMC, the effective yield moment was revised based on results
obtained from RCMC. The experimental yield displacements presented in the
following sections were based on the revised effective yield moments. Thus, the
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reported lateral loading peaks did not, in general, correspond to displacement
ducti l i t ies consisting of whole numbers.

Section curvatures were measured using the data collected from the LVDT's
placed along the column height (Figures 4-11,4-21 and 4-221. The measured
strain at each LVDT location was found as the measured LVDT displacement
divided by the corresponding LVDT gage length. Thus, the measured strains
represented the average strains along the gage lengths. The average strains were
assumed to be the strains for sections located at the mid-height of each gage
length. The corresponding measured curvatures were found by considering l inear
strain profi les between the LVDT pairs placed at the same height.

5.2 Rectangular Column Specimens

The specimens included in this part of the experimental program were A1,
A2, 81 and B2. Since each column specimen had uniform cross sectional
dimensions and longitudinal reinforcement along the column height, the crit ical
section coincided with the location of maximum bending moment. Thus, the
effect ive lateral  y ie ld loads were based on 2335 mm (92 in.)  shear span (Figure
4-12l.. To calculate the moment-curvature relationships, the confined concrete
properties were found according to the modified Mander et al. model (Section
2.3.21 and using measured material properties for concrete and steel. Since
different lateral steel amounts were provided inside and outside the plastic hinge
region, the confined concrete properties for each specimen were evaluated twice
corresponding to the two confinement steel ratios. The plastic hinge region was
considered as 1.5 t imes the longer sect ion dimension. The calculated conf ined
concrete properties for the test specimens are summarized in Table 5-1 .

When a tri- l inear relationship is used to model the stress-strain behavior of
steel, the model underestimates the stresses in the strain hardening region. In
modeling the longitudinal steel of the rectangular column specimens, the slope of
the strain hardening segment of the tri- l inear stress-strain relationship was
increased to minimize the error in the model at the early stage of strain hardening.
The measured ultimate properties of $19 mm {#6} bars were f u = 731 MPa
(106 Ksi)  and €,  = 0.11 (Table 4-4).  The ul t imate steel  propert ies used in the
analysis, however, were fu = 892 MPa (129.4 Ksi) and e, = O.12. The analytical
moment-curvature results were then checked to ensure that the maximum steel
strain at  f lexural  fa i lure was wel l  below 0.11.

Summary of the experimental results for all four specimens is presented in
Table 5-2. The measured yield curvatures shown in Table 5-2 were based on
measured strains in the longitudinal bars rather than on measurements collected by
the LVDT's. This procedure was implemented since it was felt that the LVDT
readings at small strains were unreliable. The following are the experimental
procedure and results for each of the test specimens.
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5.2.1 Specimen Al

Specimen A1 was first subjected to an init ial axial load of 615 kN (138 Kips)
corresponding to an axial  load index of  approximately O.1.  Under high lateral
displacements the axial load increased, however, it remained very close to the
target value of  633 kN (142 Kips).  ln general  the axial  load f luctuated dur ing the
test  between a minimum of 592 kN (133 Kips) and a maximum of 641 kN
(144 Kips). Based on the measured material properties and an axial load of 641 kN
1144 Kips), the moment-curvature relationships for sections inside and outside the
plastic hinge zone were calculated (Figure 5-1). The effective yield moment at the
cr i t ical  sect ion was calculated as 660.5 kN-m (5845 Kip- in)  corresponding to a
lateral  load of  283 kN (63.5 Kips).

Except for the plots presented in this section, plots of the entire experimental
measurements for specimen A1 are presented in Section 81 of Appendix B.

(al Disptacements

The lateral cyclic load history for Specimen A1 is shown in Figure 5-2. At
a lateral load of approximately 89 kN (2O Kips), two flexural cracks were visible at
125 mm (5 in.) and 23O mm (9 in.) from the bottom of the column. The measured
yield displacement,  A'  was 23 mm (0.92 in.)  and the corresponding yield force,
F, ,  was 262 kN (58.9 Kips).  The load-displacement hysteret ic response for
Specimen A1 is shown in Figure 5-3. The right-hand-side vertical axis in Figure 5-3
shows the applied lateral force normalized with respect to the measured lateral
yield force (Fr). The values above the top axis are the percent drift ratios and those
below the top axis are the displacement ducti l i t ies.

At a displacement ducti l i ty tta, ol approximately t 1, the specimen did not
show signs of strength decay or significant stiffness degradation. During the
second excursion of po = + 2, slight stiffness degradation was apparent with minor
decay in strength. When the specimen was taken to a second cycle of Fo, : -2,
the cover concrete started to spall on the compression side. As the specimen was
pushed to higher ducti l i ty levels, the cover concrete at the bottom of the column
spalled at an increasing rate, exposing the first and second main steel layers on
both sides of the column. Flexural-shear cracks were also developing along the
column height. The peak measured lateral load was 361 kN {81 Kips). The peak
load occurred at the end of the first excursion ol po = + 5.3, corresponding to a
ram displacement of 121 mm 14.76 in.). During the second excursion of
Ft = + 5.3, the 90" hook of the cross tie at the second tie set f rom the bottom
started to open. This was followed by the start of buckling of the outer
longitudinal steel due to the doubling of unsupported length. The longitudinal bar
buckling was accompanied by significant reduction in the column stiffness. As the
specimen was cycled to a third excursion ol Fa = * 5.3, the core concrete
deteriorated and the 135" hooks of the cross ties at the second and third tie sets
began to open. When the specimen was pushed to a displacement of + 163 mm
(6.41 in.), corresponding to /a - + 7, the longitudinal bars on the compression side
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completely buckled and the lateral load capacity reduced to 267 kN (6O Kips). This
foad corresponded to 74 percent of the measured peak load. At this point the
specimen was considered to have failed. Thus, the specimen was considered to
have attained a displacement ducti l i ty of 5.3 corresponding to a drift ratio of b.2
percent. Figures 5-4 through 5-7 show Specimen Al during several stages of the
test.

(bl Strains

Figure 5-8 presents the measured lateral load-strain relationship of a first
layer longitudinal bar at the column-footing interface (Gage No. 1 in Figure 4-g).
It can be seen in Figure 5-8 that yielding in the longitudinal steel occurred at a
lateral load which was less than the measured yield load. The measured lateral
load at f irst yield was 2O9 kN (47 Kips). The measured strains for the same
longitudinal bar taken at Strain Gage No. 9 (see Figure 4-9) are presented in
Figure 5-9. Strain Gage No. 9 was'located at mid-distance between the first and
the second tie sets, corresponding to 1 1O mm (4% in.l above the footing. The
corrupted data on the compression side of Figure 5-9 were due to bar buckling
which induced strains higher than the gage's measurement range. Comparison of
Figures 5-8 and 5-9 shows that the maximum measured tensile strains in the
longitudinal steel were almost the same at the crit ical section (bottom of the
cofumn) and at 1 10 mm (41, in.l above the footing.

Some of the transverse steel yielded towards the end of the test and some
attained high strains but did not y ie ld.  Figures 5-10, 5-1 1 and 5-12 show the
measured lateral load versus strain of lateral steel at the first, second and third tie
set levefs,  respect ively (Gages No. 17,19 and 22, respect ively,  in Figure 4-10).
The lateral strain data indicate that the highest maximum strain among the gaged
lateral steel increased with an increase in the distance of the tie set to the footing.
This signifies that the footing provided additional confinement to the adjacent
column segment and that the confinement effect decreased with an increase in the
distance of the column section to the footing.

(cl Curvature

The measured curvature envelope along the potential plastic hinge is
presented in Figure 5-13. The measured curvatures were based on LVDT readings.
The intersection of the yield curvature line with the curvature envelope represents
the upper l imit of the plastic hinge where the column cross section attained a
curvature ductility of one. The intersection point was found by linear extension of
the highest branch of the envelope curve. The measured plastic hinge length was
found to  be  65O mm (25.6  in . ) .

5.2.2 Specimen A2

For Specimen A2, the in i t ia l  appl ied axial  load was 15O5 kN (338 Kipsl
corresponding to an axial load index ol O.24 (based on measured concrete
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strength). During the test, the axial load varied between 1479 kN (332 Kips) and
1581 kN (355 Kips). The calculated moment-curvature relationships for sections
inside and outside the plastic hinge region are presented in Figure 5-14. Those
relationships were derived considering the measured material properties and an axial
load of 15O5 kN (338 Kips). The effective yield moment at the crit ical section was
calculated as 72O.8 kN-m (6379 Kip-in) corresponding to a lateral load of 308.7 kN
(69.3  K ips) .

Except for the plots presented in this section, plots of the entire experimental
measurements for specimen 4,2 are presented in Section 82 of Appendix B.

lal Displacements

The lateral load history for Specimen A2 is presented in Figure 5-15. The
first visible flexural crack in the column occurred at approximately 280 mm (11 in.)
f romthe column base. The corresponding lateral  load was 143 kN (32 Kips).  At
a lateral load of 232 kN (52 Kips), several f lexural cracks appeared along the
bottom half of the column. lt was observed that the cracks were adjacent to the
column ties. The measured yield displacement was determined experimentally as
19 mm (O.75 in.)  and the corresponding lateral  y ie ld load was 289.1 kN (64.9
Kips). The measured lateral load-displacement response of Specimen 42 is
presented in Figure 5-16.

Spalling of the cover concrete commenced at the bottom of the compression
side when the column was pushed to the first cycle of po = + 2. Despite the fact
that spalling of the cover concrete spread on both sides of the column bottom with
increasing drift, the hysteretic response was very stable and the stiffness
degradation between the same ductility cycles was negligible up to /ra = + 4. The
lateral load peaked at 396 kN (89 Kips) when the displacement ducti l i ty of + 5.2
was attained for the first t ime. At the first excursion of Ft: -5.2, the 90" hook
of the cross tie at the second tie set from the bottom of the column started to
open. At the second excursion of  pt  = -5-2,  the 9O" and the 135'hooks of  the
cross ties at the second tie set from the bottom of the column opened.
Consequently, longitudinal bar buckling on the compression side init iated between
the second and the third tie sets. During the next two cycles at displacement
ductif ity ol 5.2, the lateral steel end hooks opened at the second and the third tie
sets. This was accompanied by significant stiffness degradation and strength
decay. At /a = * 6, the longitudinal compression bars buckled completely and the
lateral load dropped to 223 kN (50 Kips), signifying failure of the specimen. This

load corresponded to 56 percent of the measured peak lateral load. Figures 5-17

through 5-2O show Specimen A2 during the development of the test.

lbl Strains

Figures 5-21 and 5-22 present the measured strains in one outermost
longitudinal bar at the column-footing interface and at 1 1O mm (4% inl above the
footing, respectively (Gages No. 7 and 15 in Figure 4-9). The measured lateral load
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at first yield was 285 kN (64 Kips). As with specimen A1, the maximum measured
tensile strains were almost the same at the critical section (bottom of the column)
and at 1 1O mm 14% inl above the footing. The high compressive strains in Figure
5-22 correspond to the buckling of the longitudinal bars at approximately 268 mm
(1O.5 in.)  above the foot ing.

Measured strains in lateral steel at the first, second and third tie sets from
the bottom of the column are shown in Figures 5-23, 5-24 and 5-25, respectively
(Gages No. 18, 19 and 21, respect ively,  in Figure 4-1O).  The strain data reveal
that the lateral steel in Specimen 42 did not yield, however, the third lateral tie set
(Figure 5-24, Gage No. 21!' attained strains close to the yield strain. The
confinement provided by the footing is also evident in the strain data. Measured
strains were lower for t ies placed closer to the footing.

(cl Curvature

Figure 5-26 exhibits the measured curvature envelope along the plastic hinge
zone for Specimen A2. The corresponding measured plastic hinge length was 752
m m  { 2 9 . 6  i n . } .

5.2.3 Specimen 81

Specimen B1 was in i t ia l ly  subjected to an axial  load of  601 kN {135 Kips}
or O.O9 f , 'An. At high dr i f t  levels,  the axial  load peaked at  637 kN (143 Kips).
Figure 5-27 presents the calculated moment-curvature for cross sections ol
Specimen 81 column for an axial  load of  601 kN (135 Kips).  The calculated
effective yield moment and the corresponding lateral load were 680.9 kN-m (6026
Kip-in) and 292 kN (65.5 Kips), respectively.

No effort was made during the test to observe the init ial f lexural cracks
because it was believed that the column concrete was pre-cracked during specimen
setup. Flexural cracks were observed along the bottom half of the column one day
before the test when the specimen was inadvertently loaded while the laboratory
hydraulic system was being tested. The shut-off valve to the hydraulic actuator
connected to Specimen 81 did not provide complete isolation between the actuator
and the pressurized hydraulic system. Once the flexural cracks were noticed, the
hydraulic system was shut down immediately. Consequently, the cracks closed
and were not visible. The short duration between observing the cracks and the
shut down of the hydraulic system did not allow for measurement of the width and
depth of the cracks. However, it is believed that since the cracks were not visible
after the shut down of the hydraulic system, the lateral load applied to Specimen
81 prior to the test was not detrimental.

Except for the plots presented in this section, plots of the entire experimental
measurements for specimen B1 are presented in Section 83 of Appendix B.
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{al Displacements

Figure 5-28 shows the lateral  loading history of  Specimen 81. Dur ing the
test, the measured yield displacement was determined as 24 mm (0.94 in.). The
load-displacement hysteresis relationship for Specimen B1 is shown in Figure 5-29.

At the first loop of displacement ductility lra = * 2, the cover concrete at the
bottom of the column started to spall. As the test progressed and the column was
pushed to higher drifts, the cover concrete spall ing spread upward along the
potential plastic hinge length. The hysteresis loops were stable up to a
displacement ducti l i ty of 5.9 although signs of minor stiffness degradation were
showing during second loops. During the second cycle ol pt - + 5.9, the 90"
hook of the cross tie at the second tie set started to open. At displacement
ducti l i ty of 6.7, the core concrete deteriorated rapidly and the cross ties end hooks
at the second and the third tie sets opened. This was accompanied by buckling of
the longitudinal bars between the first and the second tie sets. As the specimen
was pushed to the target displacement ducti l i ty of 8, the second bar of the first
steel layer on the compression side fractured. The test was terminated when the
lateral load dropped to 209 kN (47 Kips) at a ram displacement of 186 mm (7.33
in.) .  The peak recorded lateral  load was 379 kN (85 Kips) and i t  occurred at  the
first excursion of Ft : + 5.9. The load at failure was 55 percent of the measured
peak load. Figures 5-3O through 5-33 show Specimen B1 during different stages
of the test.

(bl Strains

The longitudinal bar load-strain behavior in Specimen B1 was similar to those
of Specimen A1 and Specimen A2. Figures 5-34 and 5-35 present the measured
strains in one outermost longitudinal bar at the column-footing interface and at 83
mm (3% inl above the footing, respectively (Gages No. 2 and 10, respectively, in
Figure 4-9). Strain Gage No. 1O was located at mid-distance between the first and
the second tie sets. The horizontal and vertical streaks in Figures 5-34 and 5-35
represent the stage when the strain data were lost due to longitudinal bar buckling.
The measured lateral load corresponding to the first yield at the critical section was
214 kN (48  K ips) .

The yielding in the transverse steel occurred at the onset of specimen failure.
Figures 5-36, 5-37 and 5-39 present the lateral load versus tie strain at the first,

second and third tie sets, respectively (Gages No. 18, 20 and 22, respectively, in
Figure 4-1O). The measured lateral strains at the first and the third tie sets were

less than those at the second tie set. The lowest lateral strain were measured at

the first t ie set, indicating that the footing imparted additional confinement to the

column at the crit ical section.

{cl Curvature

The measured curvature envelope along the potential plastic hinge length is

shown in Figure 5-39. Since the top segment of the right-hand-side envelope was
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not realistic, it was decided that this segment could be more appropriately
represented by the extension of the second envelope segment from the top. The
corresponding measured plast ic hinge length was 775 mm (3O.5 in.) .

5.2.4 Specimen 82

Specimen 82 was subjected to an in i t ia l  axial  load of  1514 kN (34O Kips)
corresponding to an axial load index of O.23. At low-amplitude displacements, the
minimum measured axial load was 1497 kN (336 Kips). A maximum axial load of
1603 kN (360 Kips) was recorded during high amplitude displacements. Based on
an axial load of 1514 kN (34O Kips), the calculated effective yield moment and the
corresponding lateral  load were 750 kN-m (6637 Kip- in)  and 321 kN (72.1 Kips),
respectively. The calculated moment-curvature relationships for Specimen 82 are
presented in Figure 5-4O.

Except for the plots presented in this section, plots of the entire experirnental
measurements for specimen 82 are presented in Section 84 of Appendix B.

(al Displacements

The lateral load history for Specimen 82 is shown in Figure 5-41. Similar to
the other specimens, f lexural cracks along the column height started to develop
before the first yield was reached at the crit ical section. The measured yield
displacement was 20 mm (0.79 in.). The measured lateral load corresponding to
the yield displacement was 287.7 kN (64.4 Kips). The hysteretic lateral load-
dispfacement response for Specimen 82 is shown in Figure 5-42. The sudden jump
to a high displacement in the fifth loading cycle (Figure 5-42l. was due to a
malfunction in the hydraulic system which caused the actuator to increase the
lateral displacement to more than the target displacement ductility of 2. The "push"
excursion of the fifth loading cycle was stopped at a displacement of approximately
65 mm (2.5 in.. The corresponding lateral load was and 4O8 kN (91.5 Kips). The
induced high lateral load init iated the spall of cover concrete at the compression
side. During the sixth loading cycle, the specimen was cycled to displacement
duct i f i t ies of  +2 and -2.  The corresponding measured lateral  loads were 311 kN
(69.8 Kips) and -379 kN (-85.1 Kips). The reduction in stiffness during the "pushn
excursion dt Fr = + 2 was due to the displacement overshoot in the previous
cycle.

Specimen 82 exhibited very stable hysteresis loops up to a displacement
ducti l i ty of 6.1. At this point, the lateral load peaked at 4'17 kN (93.7 Kips).
During the second excursion of po = +6.1, the cross tie 90" hook of the third tie
set started to open on the compression side of the specimen. The cross tie 9O"
hook on the opposite end of the third tie set also opened when the specimen was
foaded to the second cycle oI pt = -6.1. The core concrete was deteriorating at
a faster rate during the third cycle of ;,ro = +6.1, and the longitudinal bars started
to buckle at approximately 2O3 mm (8 in.) above the footing. The test was
terminated after the specimen was pushed to a lateral displacement of 150 mm
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(5.95 in.)  and the corresponding lateral  load dropped to 258 kN (58.O Kips).  The
failure load was 62 percent of the measured peak load. Figures 5-43 through 5-46
show Specimen 82 at different stages of the test.

(bl Strains

Figures 5-47 and 5-48 present the measured strains in one outermost
longitudinal bar at the column-footing interface and at 83 mm (3% in'), respectively
(Gages No, 7 and 15 in Figure 4-9, respectively). Comparison of Figures 5-47 and

5-48 reveal that the bar attained higher tensile and compressive strains at 83 mm
(3% in.) above the base than it did at the interface. The measured lateral load

corresponding to first yield at the crit ical section was 278 kN (62.5 Kips).

Measured strains in lateral steel at the first, second and third tie sets from
the bottom of the column are shown in Figures 5-49, 5-5O and 5-51, respectively
.(Gages No. 17,19 and 22, respect ively,  in Figure 4-1O).  The strain data reveal
that the lateral steel in Specimen 82 did not yield. The strains exceeding the yield

strain in Figures 5-49 and 5-51 were associated with extensive bar buckling
towards the end of the test. The lateral strain data also show that the degree of
confinement imparted by the footing depends on the proximity of the column
section to the footing. Measured strains were lower for t ies placed closer to the
f ooting.

(cl Curvature

Figure 5-52 shows the measured curvature envelope along the plastic hinge

zone for Specimen 82. The bottom two segments of the envelope on the 'Pull '

side are not the true recorded values but rather a mirror image of the curvature

values on the "Push" side of the figure. This approximation was implemented

because it was noticed that some of the LVDT's placed at the bottom of the

column were not functioning properly when the loading was at the high ends of the
,,pullt '  cycles. Inspection of the relevant LVDT readings at those cycles revealed

that there were no changes in some of the LVDT displacement readings despite the

increase in lateral drift. The measured plastic hinge length was 620 mm (24.4 in.).

5.2.5 Remarks and Observations

The measured lateral displacements (Table 5-2) indicate that the specimens

were able to attain moderate displacement ducti l i t ies ranging between 5.2 and 6.7.

The measured ultimate displacements (Ar) were considered as the maximum

displacements attained during the load cycles prior to the final excursaon that

caused failure. Also note that the columns sustained a drift ratio of at least 4

percent without significant strength degradation'

As expected, higher axial loads led to larger lateral load capacity but a

reduction in the drift cajacity. Thls is seen by comparing the results for specimens

A1 and 81 with A2 and 82, respectively. Raising the axial load ratio from

approximately 1/1O to 1/4, reduced the drift ratio by approximately 20 percent.
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The displacement ductility ratio also dropped as a result of the increase in the axial
load, but to a lesser degree because higher axial loads reduce both the yield
displacement and the ultimate displacement.

The transverse steel ratio in B1 and 82 was approximately 30 percent higher
than that in A1 and A2. This increase did not affect the yield and peak lateral
forces significantly. The higher confinement increased the peak load by five
percent for both axial loads levels. The effect of increased confinement was more
pronounced on the ducti l i t ies and drift ratios. The displacement ducti l i ty improved
by 26 and 17 percent, for the low and high axial loads, respectively, because of the
increase in the confinement steel. The drift ratio increased by 33 and 23 percent.
The data demonstrate the dependency of transverse steel ratio, the axial load level,
and ducti l i ty, a trend which is in agreement with those shown in Reference 1.

Even though the lateral steel was considerably less than that required by the
codes, the specimens were able to carry the applied axial loads up to drifts in
excess of 4 percent. The moderate confinement of the core concrete might have
contributed to premature loss of hook anchorage resulting in longitudinal bar
buckling. lt appears that under moderate confinement, a hook extension into the
core concrete longer than the minimum code requirement might improve the
response.

lnspection of concrete deterioration in the plastic hinge region of the test
specimens (Figures 5-7, 5-2O, 5-33 and 5-46) showed that the most extensive
damage did not occur at the column-{ooting interface, but rather at a short distance
above the footing. Moreover, the measured strains in lateral steel revealed that the
first t ie set placed at half t ie spacing from the footing sustained lower strains than
other tie sets placed further away from the footing. The extent of concrete
damage and the strain data indicate that the footings exerted confining pressure at
the bottom of the column in addition to the confinement provided by the lateral
steel. The additional confinement allowed for the column crit ical section to shift
f rom the bottom of the column at relatively.low drifts to a section located at a
short distance to the footing when the column was subjected to high drifts. Based
on the experimental observations and the test data, the shift in the crit ical section
may be approximated as two tie spacings.

The low measured strains at the first t ie set placed at half t ie spacing from
the footing of each rectangular column specimen may also be due to the proximity
of the strain gages to the location of the shear crack in the plastic hinge region.
The strain gages in the ties and cross ties were installed at approximately mid-
depth of the cross section. The inclined shear crack at the bottom of the column
was relatively far from the strain gages placed at the first t ie set, and thus, the
lateral steel at the location of the gages was not subjected to high strains.
However, the strain gages in the second and third tie sets were closer to the shear
crack, and thus, were subjected to higher strains than those recorded at the first
t ie set.
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5.3 Flared Golumn Specimens

This segment of the experimental program included Specimens LS and HS.
Unlike the rectangular column specimens, the flexural capacity of the flared
specimens varied along the column height, and thus, determination of the crit ical
section and the corresponding effective lateral yield force necessitated the
evaluation of the theoretical moment-curvature relationships at different cross
sections.

The confined concrete properties were calculated according to the modified
Mander et al. model and using measured material properties for concrete and steel
(Section 2.3.21. The confined concrete properties at different cross sections along
the height of Specimens LS and HS are presented in Table 5-3.

A tri- l lnear model for longitudinal steel was used to develop the theoretical
moment-curvature relationships. Similar to the procedure used to model the
longitudinal steel in the rectangular column specimens; the slope of the strain
hardening segment was increased to reduce the error induced by using a l inear
strain hardening segment to model non-linear behavior. The strain hardening
segment for  the 016 mm (#5) longi tudinal  bars was considered to terminate at
fu = 71O MPa (103 Ksi)  and e,  = 0.1O rather than at  the measured propert ies of
f u  =  7 1 O  M P a  ( 1 0 3  K s i )  a n d  e ,  =  O . 1 5 .

The calculated moment-curvature relationships for Specimens LS and HS are
shown in Figures 5-53 and 5-54, respectively. Each figure presents ten different
curves representing the flexural behavior o{ ten cross sections taken at different
distances to the top of the footing. The moment-curvature relationships were
developed for axial  loads of  632 kN {142 Kips) and 713 kN (160 Kips) for
Specimens LS and HS, respectively. The axial loads represented 16 percent
(square of the geometric scale) of the prototype dead loads and superimposed dead
loads. The effective yield moments for different cross sections and the respective
shear forces required to develop the moments are summarized in Table 5-4. For
each specimen, the minimum shear force required to develop a plastic hinge
corresponded to the flexural capacity of the section located at 737 mm (29 in.)
above the footing. Thus, the effective lateral yield forces were found as 336 kN
(75.5 Kips) and 436 kN (98 Kips) for  Specimens LS and HS, respect ively.
Graphical representation of the flexural capacity along the column height and the
effective yield load are shown in Figure 5-55 lor Specimen LS and in Figure 5-56
for Specimen HS. Summary of the experimental results for Specimens LS and HS
is presented in Table 5-5. The measured yield lateral forces presented in Table 5-5
correspond to the measured yield displacements.

5.3.1 Specimen LS

Specimens LS was subjected to an init ial axial load of 632 kN (142 Kips).
Based on measured concrete strength, the axial load index was 0.033 and 0.061
for cross sections at the bottom and at the top of the column specimen,
respectively.
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Except for the plots presented in this section, plots of the entire experimental
measurements for specimen LS are presented in Section 85 o{ Appendix B.

{al Displacements

The lateral cyclic load history for Specimen LS is shown in Figure 5-57. At
a lateral load of approximately 66.8 kN {15 Kips), f lexural cracks were visible along
the column segment extending between 762mm (30 in.)  and 1016 mm (4O in.)
above the footing. The measured average yield displacement in the push and pull
d i rect ions was 22.7 mm (0.89 in.)  and the corresponding lateral  y ietd force was
294 kN (66 Kips). The lateral load-displacement hysteretic response for Specimen
LS is shown in Figure 5-58.

At the first excursion of Pt = + 2, inclined flexural shear cracks started to
develop along the column segment extending between 635 mrn (25 in.)  and
1524 mm (60 in.) above the footing. The cracks inclination angle was
approximately 45". The length of the shear cracks increased when the specimen
was subjected to higher drift levels. However, the cracks remained narrow and
stable throughout the test, indicating adequate shear behavior. Spall ing of the
cover concrete commenced during the first excursion ol po - +4. The spall ing
init iated at approximately 635 mm (25 in.) above the footing, but signs of distress
were visible in the cover concrete located on the compression side between
406 mm ( 1 6 in.) and 864 mm (34 in.) above the f ooting. When the specimen was
subiected to the first excursion of Fd = -4, the cover concrete on the compression
side spalled between 61 O mm (24 in.) and 737 mm (29 in.) above the footing. Up
to displacement ducti l i t ies of approximately + 7, Specimen LS exhibited stable and
wide hysteresis loops with minor stiffness degradation between repeated cycles.
However, concrete deterioration increased for the column segment extending
between 483 mm (19 in.)  and 952 mm (38 in.)  above the foot ing.

Specimen LS failed when it was cycled at displacement ductility of 8. At the
first excursion ol po - + 8, bars of Layer No. 7 (Figure 4-18) started to buckle at
approximately 813 mm (32 in.) above the base. During the second excursion of
Ito, = + 8, more buckling occurred in the same bars and in the two bars of Layer
No. 6 (Figure 4-18).  Buckl ing of  Layer No.6 occurred at  635 mm (25 in.)  for  one
bar and at787 mm (31 in.)  for  the other.  Figure 5-59 shows two buckled bars in
Layers No. 6 and 7. During the second excursion of po = -8, Layer No. 1 (Figure
4-18) was undergoing rapid buckling at approximately 813 mm (32 in.) above the
base. At a lateral  load of  -94 kN (-21.1 Kips),  one corner bar of  Layer No. 7
fractured in tension due to low cycle fatigue at 813 mm (32 in.) above the footing
and the specimen suffered a reduction in stiffness. When the lateral load was
increased to -269 kN (-60.5 Kips), the other corner bar of Layer No. 7 fractured in
tension at 838 mm (33 in.) above the footing. The test was terminated at the end
of the second excursion ol !a, - -8. The maximum measured lateral load during the
test was 375 kN (84.2 Kips). The maximum lateral load occurred at the first
excursion ol pa - + 5. Figures 5-60 through 5-62 show Specimen LS at three
different stages during the test.
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(bl Strains

The measured longitudinal steel strains at steel Layer No. 1 (Figure 4-18) are
presented in Figures 5-63 through 5-67. Each figure exhibits lateral load versus
strain in longitudinal steel at a specific cross section. The cross sections are in
accordance with Figure 4-18. In Figure 5-63 (Strain Gage No. 1),  the high
compressive strains attained towards the end of the test were due to bar buckling
in the vicinity of the gage location. The tensile strain envelopes for steel Layer No.
1 are plotted in Figure 5-68. Each curve in Figure 5-68 represent the tensile strain
envelope along the column height at a specific displacement ducti l i ty level marked
on the curve. lt can be seen that at higher ducti l i t ies, the maximum tensile strain
occurred at 737 mm (29 in.) above the footing. The longitudinal steel strain profi le
is consistent with the predicted location of the column crit ical section that was
used to establish the yield lateral load.

Figure 5-69 shows a typical behavior of confinement steel in columns
subjected to lateral cyclic loading. The plot in Figure 5-69 presents measured
lateral load versus measured strain in one of the cross ties located at 914 mm
(36 in.) above the footing (SG33 in Figure 4-201. The measured strain envelopes
in the lateral steel of Specimen LS are summarized in Figures 5-7O through 5-74.
Each figure exhibits the strain data of one tie set at a specific cross section. The
vertical axis in each of Figures 5-70 through 5-74 represents the displacement
ducti l i ty and the horizontal axis represents the maximum tensile strain attained
during the first excursion of each loading cycle. The data presented in Figures 5-7O
through 5-74 indicate that, in general, the lateral steel in Specimen LS remained
essentially elastic with yielding l imited to two cross ties located at 914 mm (36 in.)
and 1092 mm (43 in.) above the footing (Figures 5-72 and 5-73). Moreover, the
measured lateral steel strains at sections outside the observed plastic hinge region
(Figures 5-7O and 5-74) were in general less than those measured at sections

within the plastic hinge (Figures 5-71, 5-72 and 5-73). The observed plastic hinge

is the column segment where the concrete suffered extensive deterioration.

(cl Curvature

Investigation of the LVDT's data revealed that most of the LVDT readings

were unreliable especially at higher drift levels. Inspection of the LVDT readings

revealed that the readings at higher drift levels did not change with increasing drift

levels. Thus, most of the measured moment-curvature relationships along the

column height did not represent the true behavior of the column. For example,

Figure S-75 shows the measured moment curvature for a cross section located at

t+f O mm (b5.5 in.) above the base. The measured curvatures in Figure 5-75 were

based on the readings collected from LVDT's 19 and 20. The section response

shown in Figure 5-75 is clearly unrealistic. On the other hand, some LVDT's

performed well during the test. The data collected from such LVDT's resulted in

moment-curvature relationships that were in accordance with the expected trend.

The measured moment-curvature hysteresis loops for a cross section located at

91 mm (3.6 in.) above the footing (Figure 5-76) were obtained from the bottom
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LVDT pair. The envelope of the hysteretic response presented in Figure 5-76 agree
with the analytical moment-curvature relationships presented in Figure 5-53.
Notice that the top two curves in Figure 5-53 are the calculated moment-curvature
relationships for the two cross sections located at the column-footing interface and
at 128 mm (5 in.) above the footing. The calculated moment-curvature relationship
for a cross section located at 91 mm (3.6 in.) would have to plot between the
upper two curves in Figure 5-53.

{dl Shear Deflections

Wire transducers (made by Celesco) were used to measure shear deflections
along the column segment spanning between the ends of the Celesco string. The
lateral deflection obtained from the these readings included shear and flexural
deflections. Flexural deflections can be obtained experimentally from the measured
moment-curvature profiles. However, it was observed that the data collected from
thd LVDT's placed between the Celesco end points were unreliable. Therefore, the
lateral f lexural deflection component was estimated using the analytical curvature
profi le. The measurements collected by the Celescos were too erratic to be
presented in a graphical format. However, the average Celesco readings at
+ 241 kN (S+ Kips) col lected dur ing the second loading cycle were used to
estabfish the measured unit shear stiffness, Kv. as (Section 2.4.21. At 241 kN
(54 Kips),  the average shear def lect ion was 0.51 mm (O.O2 in.)  a long the 311 mm
112.25 in.) column segment fitted with the Celescos (Figure 4-221. The
corresponding measured uni t  shear st i f fness was 147960 kN/mm/mm
(33075 Kips/in/in). The measured shear stiffness was assumed to be the shear
stiffness for a cross section located at 778 mm (3Os/e in.) above the footing (mid-
distance between the Celesco's upper and lower ends).

5.3.2 Specimen HS

Prior to applying the lateral load, Specimens HS was subjected to an init ial
axial load of 686 kN (154 Kips). At high drift levels, however, the measured axial
load increased to approximately 737 kN (165.5 Kips).  ln the analysis,  the axial
load was assumed to be 71 3 kN (1 60 Kips). Based on measured concrete strength
and axial  load of  713 kN {160 Kips),  the axial  load index was O.O37 and O.069 for
cross sections at the bottom and at the top of the column specimen, respectively.

Except for the plots presented in this section, plots of the entire experimental
measurements for specimen HS are presented in Section 86 of Appendix B.

(al Displacements

The lateral cyclic load history for Specimen HS is shown in Figure 5-77. At
a lateral load of approximately 71.2 kN (16 Kips), f lexural cracks were visible along
the column segment extending between 762 mm (3O in.)  and 1016 mm (4O in.)
above the footing. The measured average yield displacement was 26.7 mm
(1.0S in.)  and the corresponding lateral  y ie ld force was 387 kN (87 Kips).  The
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lateral load-displacement hysteretic response for Specimen HS is shown in
Figure 5-78.

During the second loading cycle ?t  Pt  = +O.75, f lexural  shear cracks
developed on both sides of the column along the column segment extending
between 610 mm (24 in.l and 1067 mm 142 in.l above the footing. At po - !2,
additional shear cracks developed along the column segment extending between
406 mm (16 in.)  and 1524 mm (60 in.)  above the foot ing.  The length and the
width of the init ial shear cracks that developed in the vicinity of the crit ical section
increased when the specimen was subjected to higher drift levels. During the first
cycfe ol po - + 3, the cover concrete started to spall along a segment extending
approximately between 61O mm l24 tn.l and 1O16 mm (40 in.) above the footing.
The most severe spall ing occurred at 762 mm (3O in.) above the footing. Up to
lrt : + 5, Specimen HS exhibited stable and wide hysteresis loops with minor
stiffness degradation between repeated cycles. However, concrete deterioration
increased for the column segment extending between 432 mm (17 in.)  and
1 1 18 mm (44 in.)  above the foot ing.

Specimen HS failed when it was cycled at displacement ducti l i ty of 6.
During the first excursion ol ld - + 6, one corner bar of Layer No. 9 (see Section
@ 29" in Figure 4-17!, started to buckle. Bar buckling init iated at approximately
737 mm (29 in.)  above the foot ing when the lateral  d isplacement was 149 mm
(5.86 in.). Layer No. 1 (Figure 4-171started to buckle during the first excursion of
Fr = -6. Buckling in Layer No. 1 also commenced at a corner bar at approximately
787 mm (31 in.)  above the foot ing.  Signs of  buckl ing in Layer No. 1 were
observed when the lateral  d isplacement was -149 mm (-5.86 in.) .  l t  should be
noted that the core concrete surrounding the main steel in the critical section region
was suffering severe deterioration when bar buckling started to take place. During
the second excursion of po = + 6, Layers No. 9, I and 7 (Figure 4-171 buckled at
different locations ranging between 686 mm 127 in.l and 838 mm (33 in.) above
the foot ing as is shown in Figure 5-79. Bar buckl ing was accompanied by a
profound drop in stiffness. During the second excursion of ;ro = -6, Layers 1, 2
and 3 buckled with a pattern similar to that observed in Layers 9, 8 and 7. Also,
at a displacement of -149 mm (-5.86 in.), a corner bar of Layer No. 9 ruptured at
737 mm (29 in.) above the footing. The test was terminated when the specimen
was loaded to a third cycle of po = +6 and the lateral load dropped to 292 kN
(65.5 Kips).  The maximum measured lateral  load was 477 kN (107 Kips).  The
lateraf load peaked at the first excursion ol pt - + 5. Figures 5-8O through 5-82
show Specimen HS at three different stages during the test.

(b) Strains

Figures 5-83 through 5-87 present the measured lateral load versus strain
in longitudinal steel at Layer No. 1. The curve in Figure 5-84 was terminated
during the second excursion of po - + 4 because the strain gage (SG7, Section @
43" in Figure 4-171 malfunctioned at that point. Similar to Specimen LS, the
tensile strain envelopes for steel Layer No. 1 of Specimen HS were plotted for
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different ducti l i ty levels. Figure 5-88 shows the tensile strain envelopes for steel
Layer No. 1 of Specimen HS. Al ttd = 5 (Figure 5-88), the tensile strain at
1092 mm (43 in.)  above the foot ing was not avai lable due to gage malfunct ion.
It is evident in Figure 5-88 that the column segment extending between 737 mm
(29 in.)  and 1O92 mm (43 in.)  above the foot ing represents the cr i t ical  segment
corresponding to the location o{ the plastic hinge. The strain data indicate that the
maximum tensi le strain in Layer No. 1 occurred at  1O92 mm (43 in.)  above the
footing, however, experimental observations revealed that the most severe damage
to the column occurred at approximately 737 mm (29 in.) above the footing.

A representative plot of lateral load versus strain in lateral steel of Specimen
HS is shown in Figure 5-89. The plotted data in Figure 5-89 represent the
response of  one of  the cross t ies located at  1092 mm (43 in.)  above the foot ing
(SG38 in Figure 4-19). The measured strain envelopes in the lateral steel of
Specimen HS are summarized in Figures 5-9O through 5-94. Each figure exhibits
the strain data of one tie set at a specific cross section. The strain envelopes in
Figures 5-9O through 5-94 correspond to the maximum tensile strain attained
during the first excursion of each loading cycle. Up to a displacement ducti l i ty of
a 4, the strain data indicate that there was no yielding in the lateral steel. At
I t r  :  -5,  y ie ld ing occurred in one of  the cross t ies located at  1O92 mm (43 in.)
above the foot ing (SG39, Figure 5-93).  Atpo -  +6, the data show that several
outer t ies attained strains larger than the yield strain. Yielding of the ties located
at737 mm (29 in.)  and 914 mm (36 in.)  was induced by longi tudinal  bar buckl ing
which caused the tie legs to bend. Therefore, the high strains in those ties do not
necessarily indicate lateral steel failure due to shear.

lcl Gurvature

Similar to the LVDT data collected during the testing of Specimen LS, most
of the LVDT data collected during the testing of Specimen HS were unreliable, and
thus, could not be used to evaluate the flexural behavior of the specimen.
Figures 5-95 and 5-96 show the measured moment-curvature relationships for
cross sect ions located at  95 mm (3.75 in. l  and 749 mm (29.5 in.)  above the
footing, respectively. The moment-curvature relationship presented in Figure 5-95
appears to be realistic whereas that presented in Figure 5-96 is questionable. The
measured moment-curvature at 95 mm (3.75 in.) above the footing is also in
agreement with the analytical moment-curvature relationships presented in
Figure 5-54.

(dl Shear Deflections

The wire transducers (Celesco) readings fluctuated tremendously within small
variation in the applied lateral load. lt was decided that the Celesco data were
unreliable. Thus, no effort was made to evaluate the experimental shear stiffness
of Specimen HS.
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5.3.3 Remarks and Observations

The hysteretic responses of Specimens LS and HS {Figures 5-58 and 5-78)
indicate that both specimens exhibited wide and stable hysteresis loops unti l
commencement of {ailure. Specimens LS and HS were able to sustain drift ratios
of 6 and 5 percent, respectively, without significant strength degradation.

Failure in both specimens was due to longitudinal bar buckling. The tie set
spacing was four times the longitudinal bar diameter. A maximum tie spacing of
six times the longitudinal bar diameter is normally allowed to prevent premature bar
buckling. However, it was observed that severe deterioration of the core concrete
around the outer steel layers preceded the init iation of bar buckling. lt is believed
that in the absence of a continuous support between the ties, the longitudinal bars
buckled at the crit ical sections that were subjected to high curvatures.

Formation of plastic hinges initiated at the expected critical sections. ln both
specimens, spall ing of the cover concrete started at approximately 737 mm (29 in.)
above the footing. With increasing drift levels, concrete spall ing spread in both
directions away from the crit ical section. The downward spread of spall ing in both
specimens reached to approximately 406 mm (16 in.)  above the foot ing.  On the
other hand, the upward spread of spall ing in Specimen HS extended more than that
in Specimen LS. The upward spread of spalled concrete reached sections at
approx imate ly  1295 mm (51  in . )  and 1118 mm (44  in . )  above the  foo t ing  fo r
Specimens HS and LS, respectively. The extent of concrete deterioration agrees
with the analytical f lexural capacity profi les presented in Figures 5-55 and 5-56.
The flexural capacity of Specimen HS is reached almost simultaneously for the
column segment extending between 737 mm (29 in.) and 1O92 mm (43 in.) above
the footing (Figure 5-56). ln Specimen LS, on the other hand, the flexural capacity
at 1092 mm (43 in.) above the footing is attained at a lateral load that is
approximately 7 percent more than that needed to attain the flexural capacity at
737 mm (29 in.)  above the foot ing (Figure 5-55).

Although neither specimen failed in shear, the shear cracking in the plastic
hinge region o{ Specimen HS was more profound than those in Specimen LS. This
was due to the fact that both specimens had the same shear reinforcement,
however, the plastic hinge flexural capacity for Specimen HS was 30 percent
higher than that for Specimen LS.

The longitudinal bar strain envelopes presented in Figure 5-68 validate the
basic approach applied in this study to develop the bond slip model (Section 2.4.31.
In developing the model, the bar strain inside the footing was based on the bar
stress at the column-footing interface. Inspection of Figure 5-68 shows that at

lrt = 1, the strain at 51 mm (2 in.) above the footing is within the yield plateau
whereas the strain at 102 mm (4 in.) inside the footing is slightly below the yield
strain. Notice that the yield strain is O.OO22 and the strain at beginning of strain
hardening is approximately 0.01. Between po = 1 and Ft = 2, the strain at
51 mm (2 in.) above the footing increases through the yield plateau and enters the
earfy stages of strain hardening at po - 2. The bar strain at 51 mm (2 in.l above
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the footing may be assumed equal to the bar strain at the interface. For the loading
stage between Fa = 1 and lr : 2, the increase in strain at the interface is not
matched with a similar increase in the stress (yield plateau). The corresponding bar
strain at 102 mm (4 in.) inside the footing increases slightly to approximately the
yield strain. At higher ducti l i t ies (4 and above), the increase in strain at the
interface is accompanied by approximately proportional increase in the stress (strain
hardening). Figure 5-68 shows that the corresponding increase in the bar straan
inside the footing is almost proportional to strain increase at the interface.

The measured strain envelopes in the lateral steel (Figures 5-7O through 5-74
and Figures 5-9O through 5-94) indicate that, in general, strain in lateral steel
increased with an increase in the ducti l i ty level even when there was small or no
increase in the shear force. This was due to the fact that, at higher ducti l i t ies, the
dilation and/or deterioration of the core concrete induces higher demand on the
lateral steel.

The effect of the longitudinal steel amount on the ducti l i ty and shear demand
of the specimens is shown in Figure 5-97. Figure 5-97 presents the measured
lateral load-ducti l i ty envelopes for Specimens LS and HS. The axial load in
Specimen LS was approximately 11 percent less than that of Specimen HS.
Because of the nearly identical axial loads, the difference between the response of
Specimen LS and that of Specimen HS can be attributed mainly to the difference
in the longitudinal steel contents. Higher longitudinal steel ratio resulted in higher
shear demand but lower ducti l i ty capacity. The measured peak lateral load for
Specimen HS was 1.27 t imes that of  Specimen LS. On the other hand, the
measured displacement ducti l i ty of Specimen LS was 1 .27 that of Specimen HS.
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CHAPTER 6

ANALYTICAL STUDIES

6.1 Introduction

The objectives of the analytical studies were : (a) to compare and evaluate

the validity of different procedures that may be used for predicting the response of

reinforced concrete bridge columns to seismic loads, (b) to develop a practical

model for calculating the required amount of confinement steel in the plastic hinge

zone of rectangular bridge columns located in areas of moderate to low seismicity,

and {c} to assess the ducti l i ty and strength of the flared column specimens tested

in the course of this study and to verify the analytical predictions'

The theoretical considerations and procedures pertaining to the evaluation

of strength and ductility of reinforced concrete columns were presented in Chapter

2. In this chapter, the analytical results are presented and compared with the

measured values. Also, a new method for the design of confinement steel in

moderately ducti le rectangular columns is derived.

6.2 Anatysis of Rectangular Column Specimens

The total lateral displacement at the applied lateral load was calculated

assuming the steel l-beam on the top of the column to be a rigid l ink. Thus, the

deflection due to rigid body rotation of the link was added to the calculated flexural

deflections as is shown in Figure 6-1. For a given lateral load, the rotation at the

top of the column was found as the area of the theoretical curvature profi le along

the column height.

6.2.1 Deflection due to Flexure

The flexural deflection at the top of the column was calculated using the

moment area theorem {section 2.4.1 , Equation 2-13). The moment of the area

under the column theoretical curvature profi le was taken about the column upper

end which was located at 2032 mm (8O in.) above the footing. The calculated

moment-curvature relationships for Specimens A1, A2, 81 and 82 were presented

in Figures 5-1, 5-1 4, 5-27 and 5-40, respectively'

The curvature profiles along the column height were constructed by dividing

the column into nine segments. For a given lateral load, bending moments were

evaluated at the ends of each segment. The corresponding curvatures were

obtained from the theoretical moment-curvature relationships. The curvature profile

along the height of each segment was assumed to vary l inearly between the

"ur,ritrr" 
values at the segment ends. Thus, the curvature profile of each segment

represented a trapezoidai shape. The theoretical curvatures along the column

height and the 
"orre.ponding 

rotations and flexural deflections at the top of the

cofumns are summarized in Tables 6-1 through 6-4 for Specimens 41 , A2, 81 and
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82, respectively. ln each table, three load cases are presented. The first load
represents 75 percent of the ef{ective lateral yield load, lFyl"6. Notice that the
totaf lateral displacement corresponding to O.75 lFrl"r was considered to be 75
percent of the calculated yield displacement. The second load case corresponds
to the lateral load resulting in approximately the analytical yield displacement. The
third load case represents the ultimate stage at the theoretical failure (failure points
in Figures 5-1,  5-14,5-27 and 5-4O).  For the f i rst  two load cases presented in
each of Tables 6-1 through 6-4, the crit ical section was considered at the column-
footing interface. However, at the ultimate condition, the crit ical section was
assumed to have shifted to a section located at two tie spacings above the footing.
This assumption was based on experimental measurements and observations
(Section 5.2.5). The corresponding curvature along the column segment extending
between the top of the footing and the shifted critical section was considered equal
to the ultimate curvature.

6.2.2 Deflection Aue to Shear

The unit shear stiffness, defined as the shear stiffness of an element with
uni t  length,  was calculated according to Equat ion 2-19. For each column, two
shear stiffness values were calculated corresponding to the two different lateral
steel ratios that were furnished inside and outside the potential plastic hinge region
(Figures 4-1 and 4-21. The unit shear stiffness values for Specimens A1 and A2
were 1 10900 kN/m/m (24900 Kipsiin/in) and 224000 kN/m/m (50300 Kips/in/in)
for the lower 930 mm {36 in.)  segment and the upper 1120 mm (44 in.)  segment
of the column, respectively. For Specimens 81 and 82, the lower segment shear
st i f fness was 1415O0 kN/m/m (3178O Kips/ in i in)  whereas the upper segment
shear stiffness was 2785OO kN/m/m (62530 Kips/in/in). The calculated lateral
shear deflections for the rectangular column specimens are summarized in
Table 6-5. For each specimen, the load cases considered in Table 6-5 correspond
to the same loads considered for the calculated flexural deflections in Tables 6-1
through 6-4.

6.2.3 Bond Slip Deflections

Lateral deflections due to bond slip were calculated according to the model
derived in Section 2.4.3. The analytical results for the same loads considered
before are presented in Tables 6-6 through 6-9 for Specimens A1 , A.2, 81 and 82,
respecrively. The symbols used in the headings of Tables 6-6 through 6-9 were
def ined in Sect ion 2.4.3 and in Figure 2-1O.

Comparison of the calculated bond slip deflections at the ultimate stage

shows that such deflections are dependent on the axial load and the level of

confinement at the column-footing interface. For the same confinement level,

higher axial loads led to lower bond slip deflections whereas for the same axial

load, higher confinement increased those deflections. The axial loads in Specimens
A2 and 82 were approximately 2.5 times the axial loads in Specimens A1 and 81.

The calculated bond slip deflections at ult imate for Specimens ,A2 and 82 were
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O.OO times those for Specimens A1 and 81, respectively. On the other hand, the

lateral steel ratios in the long direction of Specimens 81 and 82 were 1.3 times
those of Specimens A1 and A2. The calculated bond slip deflections at ult imate
for Specimens Bl  and 82 were 1.59 t imes those for Specimens ,A1 and A2,
respectively. The trend relating the bond slip deflection to the axial load and the

confinement level is due to the fact that higher axial loads reduce the ultimate

section curvature and the tensile strain in longitudinal steel whereas higher

confinement has the opposite effect on the section curvature and longitudinal steel

strain. According to the bond slip model developed in this study (section 2'4'3l- '

increasing the tensile strain in longitudinal steel and/or the section curvature leads

to higher bond slip rotation, and consequently, higher bond slip deflection.

6.2.4 Gomparison of Analytical and Experimental Results

The calculated total lateral deflections for the load cases considered above

are summarized in Table 6-10. Intermediate load cases were also analyzed but are

not presented. Table 6-1 1 presents the lateral deflection components as
percentages of the total lateral deflection. The break down reveals that deflections

due to bond slip constitute significant portions of the total lateral deflections' At

ultimate, the calculated bond slip deflections were approximately between 15

percent and 21 percent of the total lateral deflections. Shear deflections, on the

other hand, appear to be significant at yield and less crit ical at ult imate. At yield,

the percentage of the calculated shear deflections relative to the calculated total

lateral  def lect ions ranged between 13.1 percent to 19.5 percent.  At  u l t imate,

however, the calculated shear deflection percentage dropped to a range between

2.1 percent and 5.O percent. The smaller contribution of shear to ult imate

deflections is due to the fact that the calculated shear deflections are proportional

to the applied lateral loads whereas flexural and bond slip deflections are related to

section curvature. Between the yield and the ultimate points there is little increase

in the lateral load but there is significant increase in the section curvature.

The calculated and measured lateral load-deflection envelopes for Specimens

A1, A2, 81 and 82 are plotted in Figures 6-2 through 6-5, respectively. For proper

comparison between the calculated and the measured values, the measured

envelopes presented in Figures 6-2 through 6-5 reflect the portion of the applied

lateralioad resisted by the Lolumns rather than the absolute lateral loads registered

by the actuator load cell as was reported in Figures 5-3, 5-16, 5-29 and 5-32' The

necessity for adjusting the measured lateral loads arise from the {act that when the

column specimln" *"r" subjected to higher lateral drifts during the tests, the

resulting inclinations along the applied axial load generated lateral force components

th"t opposed the actuator force. since the rotations at the top of the column were

not measured during the tests, the calculated rotations were used to evaluate the

axial lorce lateral cJmponent. At yield, the ratios of the corrected to the measured

lateral loads were O.97 for Specimens A1 and 81 and O'95 for Specimens A2 and

Fj2. At ultimate, the ratios of the corrected to the measured lateral loads were

o.9o, o.83, O.89 and 0.8o for specimens A1 , A2, 81 and 82, respectively'
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The measured and the calculated displacements at yield and ultimate are
summarized in Table 6-12. Comparison of the analytical and the experimental
results reveals that the predicted and the measured values are in very good
agreement.  The calculated yield displacements were O.91, O.97, O.9O and O.92
t imes the measured yield displacements for  Specimens 41 ,  A2, 81 and B2,
respectively. The calculated maximum drift ratios deviated from the measured ones
by 14 percent andT percent for  Specimens A1 and 81, respect ively,  and by 9
percent for Specimens A2 and 82. The predicted ducti l i t ies were also reasonably
close to the experimental ducti l i t ies. The ratios of the calculated to the measured
d isp lacement  duc t i l i t i es  were  1 .22 ,0 .94 ,  1 .19  and O.98 fo r  Spec imens A1 ,  A2,
B1 and 82, respectively.

6.2.5 Analytical Ultimate Deflections-Equivalent Plastic Hinge Approach

The method for calculating ultimate deflections using equivalent plastic hinge
fength was presented in Section 2.4.1. ln the equivalent plastic hinge approach,
the additional plastic f lexural deflection past the yield point is based on the
assumption that plastic rotations occur at mid-height of the equivalent plastic hinge
length. The equivalent plastic hinge lengths for the rectangular specimens were
calculated according to the expressions given by Paulay and Priestley 1 (Equation

2-161 and by Baker 36 (Equation 2-181. The calculated values for the test
specimens are summarized in Table 6-13.

Yield flexural deflections were based on idealized yield curvatures. The
idealized yield curvatures were found by linear extrapolation of the curvature at first
yield to the point corresponding to the nominal f lexural capacity as described in
Reference 1. ln calculating the nominal f lexural capacities, a concrete strain l imit
of O.OO3 was used.8 Summary of the calculated nominal f lexural capacities and
the corresponding idealized yield curvatures is presented in Table 6-14. The
ffexural deflections at idealized yield were obtained as (Qv l2l/3 and the plastic

flexural deflections were calculated according to Equation 2-15. The calculated
flexural deflections using the equivalent plastic hinge approach are presented in
Tab le  6 -15 .

ln order to obtain the total ult imate lateral deflections using the equivalent
plastic hinge approach, the calculated displacements due to shear and bond slip
were added to the calculated flexural deflections in Table 6-15. The calculated
total lateral deflections are presented in Table 6-16. Comparison of the calculated

and the measured total deflections reveals that the calculated values using the

equivalent plastic hinge length model by Paulay and Priestley are in better

agreement with the measured values than the calculated deflections using the

equivalent plastic hinge length model by Baker. lt appears that within the

parameters applied to the rectangular column specimens in the study, the

expression given by Paulay and Priestley for the equivalent plastic hinge length may

be appropriate for predicting ultimate displacements within reasonable accuracy.
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6.3 Confinement Steel For Moderate Ductilities

In this section, a simple yet rational approach is developed to correlate the
attainable displacement ducti l i ty to the amount of lateral steel in the plastic hinge
zone of rectangular bridge columns with different level of confinement.

ln addition to the minimum confinement steel amount, current codes

incorporate seismic provisions for columns related to longitudinal bar anchorage and

splicing, lateral steel detail ing, and minimum shear reinforcement. Such provisions

are set to prevent premature failure and to avoid excessive deflections at reduced

lateral load capacity. Apart from selecting the appropriate amount of confinement

reinforcement, columns designed lor moderate ducti l i ty would have to be detailed

according to seismic provisions to ensure adequate behavior. When properly

detailed, the amount of confinement steel for rectangular columns of moderate

ducti l i ty may be described in terms of the target ducti l i ty and a minimum

confinement steel. The ATC-3214 equation (Equation 1-6) appears to be the most

comprehensive and rational approach to evaluate the confinement steel required for

columns in high seismic risk regions. In addition to the axial load index and the

ratio of concrete strength to the lateral steel yield stress, Equation 1-6 incorporates

the longitudinal steel ratio as a parameter in determining the confinement steel

amount. Therefore, the ATC-32 equation was adopted in this study as a bench

mark for proportioning moderate ducti l i ty confinement. However, it was felt that

at reduced confinement levels, the variation in material strength might have a more

pronounced effect on the ducti l i ty of columns than the case when high confinement

i" provided. For the purpose of proportioning moderate confinement, it is

suggested that Equation 1-6 be modified as follows

# =',]F|["+[ou . "uf, "4).
( 6 - 1 )

where F, is a f actor that depends on the target displacement ductility, f 
", , 

= 27 '6

{or MP€; units (4 for Ksi units} and f". n = 414 for MPa units (60 for Ksi units).

other parameters in Equation 6-1 *eie defined in Section 1.2. The values ol f",n

and frn represent material strengths of concrete and steel, respectively, frequently

specii ied for bridge columns. According to Equation 6-1, increasing the longitudinal

sieel strength (and thus, f lexural capacity) would result in a higher lateral steel

area. other researchersoo have reported that the displacement ductility of columns

is inversely proportional to the ratio of the applied shear to the square root of

concrete strength. The effect of concrete strength on the ductility is implied in

Equation 6-1 through multiplying the right-hand-side of the equation by the square

r o o t o l  f  
" , n /  

f ' " . .

W h e n F , = 1 , E q u a t i o n 6 - l c a n b e u s e d t o c a | c u | a t e t h e m i n i m u m | a t e r a |
steel amount required foi high seismic regions (high ductility)' In order to evaluate

F, at different ductility levelJ, columns similar to the rectangular column specimens

tested in this study were analyzed using lateral steel ratios different from those
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provided in the specimens. The analysis was conducted according to the procedure
presented in Sect ions 2.2.1,  2.2.2 and 2.2.3.  The calculated displacement
ducti l i ty was compared to the ratio o{ the lateral steel considered in the analysis
l(Asl p,o,ia"a J to the lateral steel calculated from Equation 6-1 for Fr: 1 [i.e.
(A"l eu = l. Results of the analysis, including those for the test specimens, are
presented in Table 6-17 . The data in Table 6-17 show that reasonably accurate
results may be obtained when the displacement ducti l i ty factor is expressed as
Fp = O.' l ttd,. Thus, Equation 6-1 can be written as
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(6-21

Thus, when po = 1O, Equat ion 6-2 would resul t  in the minimum lateral  steel
required in areas of high seismic risk. For moderate duetil i ty columns, a value of
less than 10 may be used lor poto obtain the amount of confinement steel.

Figure 6-6 presents a comparison between Equation 6-2 and the other code
methods that were presented in Sect ion 1.2 for  calculat ing the amount of
confinement rein{orcement. The plots in Figure 6-6 represent the required lateral
steef ratio for the example column (presented in Section 1.2.71as a function of the
axial  load level .  ln Figure 6-6,  Equat ion 6-2 is plot ted for di f ferent displacement
ducti l i ty levels, however, for the purpose of clarity, the method by Paulay and
Priestleyl (Section 1 .2.4],is not presented in the figure. lt can be seen in Figure 6-6
that according to the proposed equation (Equation 6-2), the effect of the axial load
on the required lateral steel amount increases as the target displacement ducti l i ty
increases. For the example column and an axial load index ranging between O and
O.4, the following observations can be made. When the target displacement
ducti l i ty is 2, the lateral steel amount according to Equation 6-2 is nearly identical
to that required by the ACI non-seismic provision. At a moderate target
displacement ducti l i ty of 4, the lateral steel amount according to Equation 6-2 is
considerably less than the amount required by other seismic provisions. For a
target displacement ducti l i ty of 8, Equation 6-2 results in a lateral steel amount that
is approximately equal to the lateral steel required by CALTRANS. Since the
concrete compressive strength and the steel yield stress for the example column
were considered to be 27.6 MPa (4 Ksi)  and 414 MPa (60 Ksi) ,  respect ively,
Equation 6-2 reduces to the ATC-32 equation when the target displacement
duct i l i ty  is  1O.

The validity of Equation 6-2 was verif ied against experimental results

obtained from studies conducted by others on reinforced concrete columns. The

selected tests represented rectan$ular or square bridge columns that met the

following criteria: (1) axial load index below O.6, (2) lateral steel detail ing with no

or minor deviation from current seismic requirements, (3) lateral steel ratio in the

direction of loading does not exceed 30 percent the minimum amount required by

Equation 6-2 for high seismic regions (i.e. po = 1O), and (4) f lexural dominant

# = o lua JElr''+"[ ou . . ru&) .0 1 3 [  e , * - o o ' ' )
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behavior {i.e. no shear failure and/or excessive shear and bond slip deflections}.
The reported and expected displacement ductilities as well as the relevant data for
the selected tests are summarized in Table 6-18. A reported ducti l i ty with a u)"

sign indicates that the test was terminated at the reported ducti l i ty with no
apparent failure in the specimen. A u ( " sign indicates that the specimen failed
before the reported ducti l i ty was achieved. The reported ducti l i t ies by Gil l et a|.21,

Ang et a1.22 and Tanaka et a1.26 could not be explicit ly compared to the expected
ductilities obtained from Equation 6-2 since the tests were terminated prematurely.

However, the outcome of Equation 6-2 does not contradict the reported ductilities.
Equation 6-2 appears to yield conservative estimates when compared to the test
results by Soesianawati et a|.23 This could be due to the relatively high concrete
strength to hoop yield ratio of the test specimens (notice the sensitivity of
Equation 6-2 to this ratio). Specimen NC-4 by Azizinamini et a1.27 failed at a
displacement ducti l i ty of 5, about half the expected ducti l i ty of 9.5. Azizinamini
reported that a hook extension of 6 bar diameters was used-{or the lateral steel {a
minimum of 1O bar diameters is required for bridge columns) and that failure was
init iated by loss of anchorage of the perimeter hoops, followed by longitudinal bar

buckling. The expected ductilities of the specimens tested in this study (Wehbe et
al.) are within reasonable accuracy when compared to the measured ducti l i t ies.

6.4 Analysis of Flared Column Specimens

The general procedure for calculating lateral deflections of the flared column

specimens was similar to that used for the rectangular column specimens. In the

analysis, the concrete loading block on top of the flared column specimen was

considered as a rigid l ink. Thus, the deflection due to rigid body rotation of the l ink

was added to the calculated flexural deflections as is shown in Figure 6-1.

6.4.1 Deflection due to Flexure

The flexural deflection at the top of the column was calculated using the

moment area theorem (Sect ion 2.4.1,  Equat ion 2-13).  The moment of  the area

under the column theoretical curvature profi le was taken about the column upper

end which was located at 2OO7 mm (79 in.) above the footing. The calculated

moment-curvature relationships for Specimens LS and HS were presented in Figures

5-53 and 5-54, resPectivelY.

The analytical curvature profi les along the column height were obtained by

considering cross sections at different locations along the column. For a given

lateral load, bending moments were calculated at the different cross sections. The

corresponding curvatures were obtained from the calculated moment-curvature

relationships. The calculated curvature profi les at different lateral loads are

presented in Figures 6-7 and 6-8 for Specimens LS and HS, respectively' The

effect of the vaiying cross sectional properties on the curvature profiles is clearly

demonstrated in Fijures 6-7 and 6-8. Unlike the rectangular column specimens,

the highest curvature in the ftared column specimens did not occur at the maximum

bending moments, but rather at cross sections located at 737 mm (29 in.) above
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the footing. Moreover, the analysis showed that, in both specimens, the flexural
uftimate point was first attained at the sections located at 737 mm {29 in.) above
the footing. Thus, those sections corresponded to the crit ical column sections.

The theoretical curvatures along the column height and the corresponding
rotations and flexural deflections at the top of the columns are summarized in
Tables 6-19 and 6-20 for Specimens LS and HS, respectively. In each table, three
load cases are presented. The first load represents 75 percent of the effective
lateraf  y ie ld load, (Fvl"n.  The second load case corresponds to the lateral  load
resulting in approximately the analytical yield displacement. The third load case
represents the ultimate stage at the theoretical failure. The first two load cases
correspond to the stage prior to concrete spall ing. However, the third load case
occurs when the cover and the core concrete would have suffered extensive
deterioration at and around the column crit ical section. ln the analysis, special
consideration was given to the longitudinal bars which were terminated in the
vicinity of the crit ical section.'- Nbtice that in Specimen LS, {our longitudinal bars

were terminated at737 mm (29 in.)  above the foot ing (Figure 4-14t whereas in

Specimen HS, eight bars and two bars were terminated at 737 mm {29 in.) and at

1O92 mm (43 in.) above the footing, respectively (Figure 4-13). For the first two

foad cases presented in Tables 6-19 and 6-20, the terminated bars were considered

to be fully effective in resisting the applied loads at sections located beyond one

development length from the terminated ends. The calculated development length

o{ Q16 mm (#5) bars was approximately 356 mm (14 in.) .  For the th i rd load case,

however, the terminated bars were neglected in the moment-curvature analysis

because the developed length of such bars occur along the column segment where

the cover and the core concrete would deteriorate at high drift levels.

6.4.2 Deflection due to Shear

The unit shear stif{ness was calculated according to Equation 2-19. The

varying cross sectional properties of the flared columns necessitated the evaluation

of the unit shear stiffness at different locations along the column height. Since

both specimens had the same dimensions, material properties, and shear

reinforcement, the calculated unit shear stiffness values were the same for both

specimens. Table 6-21 presents the calculated unit shear stiffness values at

different locations along the column height. These values are also plotted in Figure

6-9. The profi le presented in Figure 6-9 indicates that the unit shear stiffness

varies parabolically along the column height and that the shear stiffness at the

bottom of the column is more than twice that at the column top. The measured

uni t  shear st i f fness at77g mm {305/e in.}  above the foot ing (Sect ion 5 '3 '1}was

found as 147g60 kN/mm/mm (33075 Kips/in/in). The corresponding calculated

unit shear sti{fness is 122490 kN/mm/mm (275O0 Kips/in/in}, approximately 83

percent of the measured value. Since the measured value was not based on highly

accurate data, no conclusions could be drawn about the accuracy of the shear

stiffness model (Equation 2-19). However, the comparison between the measured

and the calculated values indicate that the calculated values were within reasonable
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range from the experimental measurements. Considering that shear deflections in

columns dominated by flexural behavior are relatively small compared to total

deflections, the errors that might be introduced by using Equation 2-19 is

negl ig ib le.

The calculated shear deflections for the flared column specimens are

summarized in Table 6-22. The load cases considered in Table 6-22 correspond to

the same loads considered for the calculated flexural deflections in Tables 6-19 and

6-20.

6.4.3 Bond SliP Deflections

Lateral deflections due to bond slip were calculated according to the model

derived in Section 2.4.3. The analytical results for the same loads considered

before are presented in Tables 6-23 and 6-24 for Specimens LS and HS,

respectively. The analytical results for the first two load cases presented in each

of Tabfes 6-23 and 6-24 were based on considering that the terminated longitudinal

bars inside the column were fully developed. The third load case, however,

represented the ultimate load. Thus, the corresponding calculated values were

based on neglecting the area of the terminated bars in the moment-curvature

analysis.

The steel strains presented in Tables 6-23 and 6-24 represent the calculated

strains in the outermost tensile steel layer at the column-footing interface. At

ultimate, the calculated tensile strains were 0.0266 and 0.0107 for Specimens LS

and HS, respectively (Tables 6-23 and 6-241. The corresponding strains measured

at 51 mm (2 in.) above the footing were 0.0269 and o.0159, respectively (Figures

5-6g and 5-gg). The relatively good agreement between the measured and the

calculated strains indicates that the terminated longitudinal bars were ineffective

at the ultimate stage. Including the terminated bars in the moment-curvature

analysis of the .ro.r section at the column-footing interface results in strains that

are much lower than the measured ones. When the terminated bars are included

in the analysis at the ultimate stage, the calculated strains in the outermost tensile

steel layer at the column-footing interface would be 0.o0394 and 0'00336 for

Specimens LS and HS, resPectivelY'

6.4.4ComparisonofAna|yt ica|andExper imenta|Resu|ts

The calculated total lateral deflections for the load cases considered in the

f | e x u r a | , s h e a r , a n d b o n d s | i p d e f | e c t i o n s a r e s u m m a r i z e d i n T a b | e 6 - 2 5 .
fntermediate load cases were also analyzed but are not presented. Table 6-26

presents the lateral deflection components as percentages of the total lateral

deflection. At yield, the calculated shear deflection in each specimen constituted

approximately 
'25 

p"r""nt o{ the calculated total lateral deflection' At ult imate'

however, the calcuiated lateral deflection due to shear deformations accounted for

approximately 4 percent and 6 percent of the calculated total lateral deflections for

Specimens LS and HS, respectively. on the other hand, the contribution of



calculated bond slip deflection to total lateral deflection was very small at yield and
negligible at ult imate. At yield, the calculated bond slip deflections were
approximately 6 percent and 5 percent of the calculated total lateral deflections for
Specimens LS and HS, respectively. The respective percentages at ult imate
dropped to 1.7 percent and 0.9 percent. The small bond slip deflections were due
the fact that the critical section was not at the column-footing interface, but rather
at 737 mm (29 in) above the footing. The bond slip effect was accounted for
along the longitudinal bar length embedded in the footing. Considering that the
cross section at the column-footing interface was subjected to relatively low
curvatures, the tensile bars at the column-footing interface were subjected to
relatively low strains resulting in small bond slip deflections.

The calculated and measured lateral load-deflection envelopes for Specimens
LS and HS are presented in Figures 6-1 O and 6- 1 1 , respectively. The lateral loads
ol the measured envelopes presented in Figures 6-1O and 6-1 1 were adjusted down
to acc'rjght for the horizontal component of the applied axial loads. The adjustment
was done according to the procedure described in Section 6.2.4. For both
specimens, the ratios of the corrected to the measured lateral loads were O.99 and
0.91 at yield and at ult imate, respectively. The calculated and measured
dispfacements at yield and ultimate are summarized in Table 6-27. The analytical
and the experimental results were in very good agreement. For example, the
calculated and the measured yield displacements were nearly identical. At ult imate,
the ratio of the calculated displacements to the measured displacements were O.88
and 0.86 for Specimens LS and HS, respectively.

The varying cross sectional properties along the column height of Specimens
LS and HS does not allow for the application of the equivalent plastic hinge
approach to estimate lateral deflections. Therefore, the analysis of the flared
column specimens did not include such approach.

6.5 Shear Strength of Flared Column Specimens

6.5.1 Calculated Shear CaPacitY

The shear capacities of the flared column specimens were calculated

according to the methods recommended by CALTRANS 37 and by the Federal

Highway Administration (FHWA)39. The FHWA method is an adaptation of the

method proposed by Priestley et a1.38 except that the FHWA method employs a

simplif ied term {or the shear capacity component provided by arch action (Section

2 . 4 1 .

The shear capacity of each specimen was calculated at different cross

sections along the column height and for different displacement ducti l i ty levels.

Tables 6-28 and 6-29 present the calculated shear capacity of Specimen LS

according to the methods recommended by CALTRANS and by FHWA,

respectively. Similarly, the calculated shear capacity of Specimen HS is presented

in Tables 6-30 and 6-31 according to the methods by CALTRANS and by FHWA,
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respectively. The calculated values in Tables 6-28 through 6-31 account {or the

reduction in the concrete shear capacity due to the deterioration of the core

concrete at the plastic hinge at higher ducti l i ty levels. The most severe

deterioration in the core concrete was considered to occur at the crit ical section

which was determined to be at 737 mm (29 in.) above the footing' Thus' the

displacement ducti l i ty values presented in the headings of Tables 6-28 through

6-31 were used to calculate the concrete shear capacity aL737 mm (29 in.) above

the footing. For cross sections other than the crit ical section, the displacement

ductility used to calculate the concrete shear capacity was proportioned relative to

the displacement ducti l i ty used to calculate the shear capacity of the crit ical

section. For the purpose of calculating the concrete shear capacity at a section i,

for example, the displacement ducti l i ty at section i was determined as follows:

(1) For a displacement ducti l i ty,lta, calculate the curvatures at the crit ical section

(e",) and at section i (9)'

l2l C"i"ut"t"the ratios R", = Q",/Q",, and B, = Qi/Qi,,, where.{p',,, and 9;, are the

ultimate curvatures 
"i 

th" crit ical section and at section i, respectively.

(3) Cafculate the displacement ducti l i ty at section i as lptl i  = 1t6lRi/R",1.

6.5.2 Comparison of the Shear Capacity Models

The shear capacity and shear demand along the column height are plotted

in  F igures  6-12  and 6-13  fo r  spec imen LS and in  F igures  6-14  and 6-15  fo r

Specimen HS. For Specimen LS, Figures 6-12 and 6-13 indicate that, irrespective

o{ the method used to calculate the shear capacity, the column shear capacity

exceeded the shear demand. For Specimen HS, the calculated shear capacity

according to the FHWA method was higher than the shear demand (Figure 6-15),

however, the method used by CALTRANS (Figure 6-14) indicate that the shear

demand exceeded the shear capacity of the crit ical section provided that the

column could attain displacement ducti l i t ies of 6 or more'

Figures 6-12 through 6-15 also indicate that the method used by CALTRANS

for carcurating the shear Japacity is more conservative than that recommended by

FHWA. For instance, when the minimum shear capacity at the crit ical section of

each specimen is considered, the calculated shear capacity using the FHWA

method is more than twice the calculated shear capacity using the CALTRANS

method. The large discrepancy between the two methods is partly due to the

difference in the assumed incrination of the shear crack. rf a shear crack inclination

of 30" relative to the column axis is assumed, the calculated lateral steel shear

capacity would be 1.73 times the calculated capacity of lateral steel based on 45"

shear crack inclination.

The analytical results for the shear capacity of the crit ical section are

compared in Figures 6-16 and 6-17 for Specimens LS and HS' respectively' In

each figure, the calculated shear capacities according to CALTRANS and FHWA

models are plotted versus the lateral displacement along the applied lateral load'

since the inclination of the observed shear cracks during the tests was

77



approximately 45", the analytical shear capacity according to the FHWA model was

piotted twice using the recommended inclination angle (3o") and the measured

incfination angle (4b"). Also shown in Figures 6-16 and 6-17 are the analytical and

the experimental load-deflection envelopes. Figures 6-16 and 6-17 indicate that

both specimens attained displacements sufficient to develop the calculated residual

shear capacity at the crit ical section'

The comparison presented in Figure 6-16 shows that when using the

CALTRANS method, the shear capacity at failure of specimen LS exceeded the

shear demand by approximately 45 kN (10 Kips)' However, the FHWA method

indicates that the shear capacity exceeded the shear demand by approximately

530 kN (11g Kips) and 276 kN (62 Kips) for  assumed shear crack incl inat ion of

30" and 45o, respectively. Considering that Specimen LS did not fail in shear, the

anarytical fairure mode does not contradict the experimental observation. Figure

6-17 indicates that,  according to the CALTRANS method, Specimen HS should

have failed in sheai, while th; FHWA method shows that the ihear capacity at

fa i lure exceeded the shear demand by approximately 45O kN (101 Kips) and

196 kN (44 Kips) for assumed shear crack angles o{ 30" and 45o, respectively'

Based on the experimental observations, Specimen HS did not fail in shear'

however, the shear cracks in the plastic hinge region were more severe than those

observed in SPecimen LS.

6.5.3 Estimated Shear Strength

Besides the fact that the CALTRANS model yielded conservative estimate

for the shear capacity of specimen HS, the preceding analysis does not provide

conclusive evidence of the applicabil ity of the different shear strength models.

Measured strains in the lateral  steel  p laced at  737 mm (29 in)  and at  914 mm

(36 in) above the footing revealed that the strain in most of the ties and the cross

t ies was below the yieid strain when the specimens fai led (Figures 5-71,5-72,

5-g1 and 5-g2). This indicates that the lateral steel in the plastic hinge region did

not reach its shear resisting capacity. lt can be deduced that the specimens were

capable of resisting shear forces greater than the applied lateral loads at failure.

ln order to evaluaie the probable shear capacity of the test specimens, two

assumptions were made. The assumptions were as follows:

(1) The concrete shear capacity at the crit ical section of the test specimens was

at the residual concrete shear strength toward the end of the test. The residual

concrete shear strength is defined as the minimum shear resistance provided

by the deteriorated concrete. This assumption is consistent with the analytical

models considered in this studY'

l2l shear cracks in the plastic hinge zone were at approximately 45'' This

assumption is based on the observed cracking pattern.

Since the lateral steel shear capacity varies along the column height, the

calculated lateral steel shear capacity at 737 mm (29 in) above the footing was

considered as the average capacity provided by the lateral steel crossing the shear
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crack in the plastic hinge region. Thus, the lateral steel shear capacity' % ' was

assumed to be 347 kN (72.g fips) as was presented in Tables 6-28 and 6-30'

Measured strains in the ties and the cross ties were used to estimate the

force developed in the lateral steel during the test' Thus' for a measured strain' the

force in the lateral steel was found as follows

A, (e"E")d (6-3)
Fs =
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where 4 and F" arethe measured strain and the corresponding force in the lateral

steel, and E" is the modulus of elasticity of the lateral steel' A' '  d and s are the

s a m e a s d e f i n e d i n E q u a t i o n 2 - 2 T . N o t i c e t h a t w h e n e " i s e q u a l t o t h e y i e l d s t r a i n ,
Equation 6-3 becomes the same as Equatio n 2-27 which was used to calculate %'

Knowing V" and F", the additional lateral force that may be resisted by the lateral

steel can be found as the difference between V" and F" '

B a s e d o n t h e a v e r a g e m e a s u r e d s t r a i n s i n t h e c r o s s t i e s a n d t h e U - t i e s
l o c a t e d a t T 3 T m m ( 2 9 i n ) i n d a t 9 1 4 m m ( 3 6 i n ) a b o v e t h e f o o t i n g ' t h e f o r c e i n
the lateral steel within the plastic hinge was estimated. Figure 6-18 presents plots

of the estimated force in the latera'i steel of specimens LS and HS versus the

dispracement ductirity. The prots in Figure 6-1g indicate that the force in the lateral

steer increased with the dispra"u."niductirity. The estimated maximum force in

the lateral steel located within the plastic hinge was 172 kN (38'7 Kips) for

Specimen LS and 230 kN (51.6 Kips) for  Specimen HS' Therefore'  the addi t ional

lateral forces that could have been resisted by the lateral steel would be 175 kN

(39.1 Kips) and 1 17 kN 126.2 Kips) for Specimens LS and HS' respectively' Based

on the estimated additional forces that could be resisted by the lateral steel and the

measured raterar roads, the probabre shear capacities wourd be approximately

5 2 1 k N ( 1 1 7 K i p s ) a n d 5 6 1 k N ( 1 2 6 K i p s ) f o r S p e c i m e n s L S a n d H s ' , r e s p e c t i v e l y '

Using the FHWA method and an inclination angle of 45o' the calculated

shear capacities were 624 kN (1 40.6 Kips) and 642 kN 1144'2 Kips) for specimens

LS and HS, respectively. According to the CALTRANS method' the corresponding

shear capacities were igZ tru (87.5 Kips) and 393 kN (88.1 Kipsl' The estimated

and the calculated shear capacity oi Specimens LS and HS are compared in

Table 6-32. The comparison shows that, for both specimens' the FHWA method

overestimated the shear capacity whire the GALTRANS method underestimated the

shear caPacitY.

A basic difference between the approach used by CALTRANS and that used

by FHWA for calculating the shear capacity of columns is that the CALTRANS

method does not include ttre effect o{ arch action in resisting the applied lateral

load. However,-pri"=,Lv et a1.38 showed that arch action does in fact resist portion

of the applied lateral load. Thus, it is logical that the resistance to lateral loads

provided by arch action be included in calculating shear capacity of reinforced

concrete columns. When the arch action shear capacity term (Vr) is added to the



CALTRANS equation (Equation 2-261, the carcurated shear capacity wourd be

5 1 8 k N ( 1 1 6 . 3 K i p s ) a n d 5 3 5 k N ( 1 2 0 . 1 K i p s ) { o r S p e c i m e n s L S a n d H S ,
respectively. These values are in excellent agreement with the estimated shear

capacities that were based on measured strains in the lateral steel and the

measured lateral loads. Therefore, it is suggested that shear capacity of non-

circular reinforced concrete columns be calculated as follows:
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V = V r * V r * V o
(6-41

where Vois 20 percent of the applied axial load and V" and V" are according to the

CALTRANS equations (Equations 2-27 ' and 2-291as follows:

v.  = A' f 'd
- s

(6-5)

(6-6)
v" = (Ft)(Fz) ,[r; n" < 0.028 tl-',: O" (MPa) = et[-t; n" (psr)

The parameters in Equations 6-5 and 6-6 were defined in section 2'5'
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CHAPTER 7

SUMMARY, CONCLUSIONS' AND RECOMMENDATIONS
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7.1 Summary

The main obiectives of this study were to determine the effects of moderate

confinement and siructural flares on it," seismic behavior of rein{orced concrete

bridge columns'

current seismic provisions for determining the amount of confinement steel

in rectangular columns vary .r,g]11 one code to another. Moreover, the seismic

provisions in 
"urr"i.;;d;;;'6'to'it 

*"r" developed for the most severe earthquake

effects. There is a lack of an 
""""pa"d 

design method for determining the amount

of lateral steel in areas of moderate seismiciiy where the ductility demand may be

lower than that in 
"r"", 

of high seismic activiiy' Review of previous research work

on rectangular 
"olu,.,..n, 

,"u"il"d that there is a gap in the literature related to the

duc t i | i t ycapac i tyo f rec tangu larco |umnswi thmodera teconf inement .

|n th iss tudy , four rec tangu|arco |umnspec imensweredes igned,bu i | t , tes ted
and analyzed. The purpose o{ the study was to develop a practical design equation

relating the amount of confinement steel in the plastic hinge region of rectangular

bridge corumns to the attainabre dispracement ductirity. The parameters in the

tests were th" t,i"tl steel ratio and the axial load level'

Another issue concerning the seismic. behavior of bridge piers is the

performance of bridge columns with structural f lares' Many reinforced concrete

b r i d g e c o | u m n s i n t h e w e s t e r n U n i t e d S t a t e s a r e f i t t e d w i t h a r c h i t e c t u r a | o r
structurar frares. Recent studies6,7,30 0n the shear fairure of bridge corumns with

architectural f lares caused by the Northridge earthquake of 1994 concluded that

a r c h i t e c t u r a | t | a r e s h a v e a d v e r s e e f f e c t s o n t h e s e i s m i c p e r f o r m a n c e o f b r i d g e
c o f u m n s . A l t h o u g h s t r u c t u r a l f l a r e s a r e c o m m o n l y u s e d i n b r i d g e p i e r s ' t h e
literature review Jonducted in this study indicates that no research has been

performed to assess the vulnerabil ity of such columns to high seismic loading'

Th iss tudyexamines theef fec tso fs t ruc tu ra | f |a resonthe f |exura |andshear
response of brldge columns to earthquake lateral loading' Analytical studies were

performed on fJur existing bridges in Northe-rn Nevada' The four bridges are

supported by columns withparaUitic structural f lares' All columns have identical

architectural features and cross sectional dimensions' The parameters in those

columns are th; longitudinal and lateral steel content and detailing and the column

end fixities. Expeririental and analytical studies were also conducted on two flared

co |umnspec imens.Thespec imensrepresented40percentsca |edmode|so fone
o l thepro to typebr idges inc |uded in th ' rss tudy .These lec tedpro to typebr idgehas
columns with the lowest shear capacity-to-demand ratio (most vulnerable) among

t h e a n a l y z e d p r o t o t y p e s . T h e c o | u m n s o f t h e s e | e c t e d p r o t o t y p e h a v e i d e n t i c a |
lateral steel but different longitudinal reinforcement' The specimens represented

8 1



the prototype columns with the highest and the lowest longitudinal steel ratios'

To lacil i tate the analysis in this study, a computer program was developed

to calculate the moment-curvature relationships of reinforced concrete cross

s e c t i o n s ' T h e p r o g r a m c a n b e u s e d t o a n a | y z e c o n f i n e d a n d u n c o n f i n e d s e c t i o n s .
The anarysis of coifined sections incrude the effect of cover concrete spall ing. In

addition to the analysis of rectangular and circular sections, the program can be

used to analyze sections of polygoi shapes. Another feature of the program is the

capability of specifying longitudinal steel layers with diff erent constitutive

relationships in the same cross section'

To improve the prediction of lateral de{lections, a new model was developed

in this study to calculate lateral deflections due to bond slip' The con{ining effect

provided by the footing to the column segment next to the footing was also

addressed.

This study also inbludes an evaluation of the available models for calculating

the shear c"pacity-of reinforced concrete columns' Based on measured results

ob ta inedf romthef la redco |umntes ts , theex is t ingshearcapac i tyequat ionswere
calibrated'

7.2 Gonclusions

Manyimportantconc]usionsre|atedtotheseismicperformanceofreinforced
concrete bridge columns were arrived at in this study' The conclusions may be

classified as Main conclusions and other conclusions as follows'

7.2.1 Main Conclusions

A new equation to design the lateral steel to accomplish a target level of

ductirity was deveroped (Equation 6-2). This equation was based on the ATc-3214

expression, but simple provisions were made to reflect different levels of ductility'

other improvem"ni in the equation incrudes the effect of concrete compressive

strength and steel yield stress. The proposed equation led to reasonably

conservative results with good correlation with test data.

Effects of Structural Flares

For columns with structural parabolic f lares, plastic hinges may form either

along the flare or at the column ends depending on the detail ing of the main

reinforcement. When all or a high percentage of the main reinforcement is placed

along the flare, the plastic hinge may form along the flare at a section which does

not necessarily coincide with the location of maximum bending moment' This is

due to the fact that parabolic flares increase the effective depth of the flare

reinforcement at a rate that is higher than the rate of moment increase' The plastic

hinge can be forced to the ends by placing minimal possible percentage of main
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steel along the {lares while placing the majority-of the longitudinal bars inside the

core. This arrangement for the longitudinai rein{orcement would reduce the shear

demand. Moreover, setting the col reinforcement in a circular pattern allows for

the placement of additionil .h"", steel in the {orm of a spiral engaging the core

rein{orcement. Thus, the shear capacity of f lared columns can be significantly

increased.

Shear CaPacitv

T h e C A L T R A N S 3 T m e t h o d f o r c a | c u | a t i n g t h e s h e a r c a p a c i t y o f b r i d g e
columns significantly underestimates the shear capacity' on the other hand' the

FHWA3s method appears *o orrfi""t imate the shear capacity' Based on the

experimentat results of the flared column specimens' reasonably accurate estimate

for the shear capacity of non ci,cJa' columns can be obtained using the following

equation:

V = V " * V " * V o

w h e r e V " ( s t e e l s h e a r c a p a c i t y ) a n d % ( c o n c r e t e s h e a r c a p a c i t y ) a r e a c c o r d i n g t o
the CALTRANS method'tequations i-Zt ' and 2-29 in Chapter 2) and V' (shear

c a p a c i t y d u e t o a r c h a c t i o n ) i s 2 0 p e r c e n t o f t h e a p p | i e d a x i a l | o a d .

7 .2.2 Other Gonclusions

1- Lateral deflection envelopes of reinlorced concrete columns subjected to

l a t e r a | c y c l i c l o a d i n g " " n b " d e t e r m i n e d w i t h r e a s o n a b | e a c c u r a c y f r o m
analysis based on lateral monotonic loading'

2- ult imate flexural deflections of rectangular columns may be estimated with

reasonable accuracy using the equivalent plastic hinge length proposed by

paulay 
"ni 

ir i".tf"r.t Hoiever, the equivalent plastic hinge approach is not

suitable for columns with varying flexural. capacity along the column height'

For such columns, the basic appri"cn of the moment area theorem should be

used for calculating flexural ieflections. Unlike the equivalent plastic hinge

a p p r o a c h , t h e m o m e n t a r e a t h e o r e m a p p r o a c h c a n a | s o b e u s e d t o c a | c u | a t e
flexural deflections at intermediate points between yield and ultimate'

3- CalcutateJ flexural deflections should include' whenever applicable' the effect

o{ oe-oonoing of main bars that are developed in the plastic hinge region'

Prior to concrete deterioration, the flexural capacity of the bars that are

terminated in the prastic hinge iegion shourd be considered as fuily effective

a t o n e a * " t o p ' e n t ] e n g t h - f r o m - t h e t e r m i n a t e d e n d . A t h i g h e r d r i f t s , t h e
development length of such bars should not be considered to start at the

t e r m i n a t e d e n d , b u t r a t h e r a t a s e c t i o n w h e r e c o n c r e t e s u r r o u n d i n g t h e
terminated bar reaches the failure strain'

4. When the critica| section occurs at the co|umn-footing interface, the footing

prov idesadd i t iona lconf inement to theco |umnsegmentnex t to the foo t ing .
At ultimate, the additional confinement allows for the development of a critical
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column segment rather than one discrete critical section at the column-footing

interface. The length of the crit ical segment may be approximated as twice

the tie 
"p""ing. 

ihur, f lexural dellection at ult imate may be based on

assuming that ihe curvature along the critical segment is equal to the ultimate

curvature'
5- Even at low axial loads and moderate confinement' the observation made in

t h i s s t u d y w e r e c o n s i s t e n t w i t h r e s u | t s o f p r e v i o u s s t u d i e s o n c o | u m n s w i t h
s i g n i f i c a n t | y h i g h e r a x i a | | o a d s a n d c o n f i n e m e n t | e v e | s . F o r t h e s a m e d e g r e e
of conf inemerit, the ducti l i ty capacity of reinf orced concrete columns

decreases as the axial load increases. on the other hand' for the same axial

load, the ducti l i ty capacity of reinforced concrete columns is enhanced with

higher level of con{inement'

7.3 Recommendations

Basedontheexper imenta landana|y t i ca | resu | tspresented in th iss tudy , the
following recommendations are made'

1- According to the revised shear capacity equation (Equation 6-4)' the shear

capacity-to-demand ratios for 
-specimens 

LS and HS would be approximately

1.63 and 1,19, respectively. Considering a shear capacity reduction factor of

o.85, the shear capacity of specimen HS would be approximately equal to the

shear demand. Thus, it is recommended that the shear capacity of the

p r o t o t y p e c o | u m n s r e p r e s e n t e d b y s p e c i m e n H s b e i n c r e a s e d . D i f f e r e n t
retrofitt ing techniques may be considered to enhance the shear capacity of

flared columns similar to specimen HS. Steel jacketing and {iber reinforced

plastics wrapping may be considered as two retrofitting options' However' any

retrofitt ing option should be detailed to improve the shear capacity without

increasing the flexural capacity. This condition must be satisfied to l imit the

shear demand, and thus, the forces transmitted to other structural members'

2- The analytical procedure developed in this study for calculating lateral

deflections due to bond slip appear to provide a rational analytical model'

However, issues related to bond stresses and strains along the embedded bars

require additional experimental verifications. The longitudinal bars in the flared

column specimens were gaged at only one location inside the footing' The

limited data did not allow for verif ication of the model. lt is suggested that in

future tests of reinforced concrete columns, the embedded longitudinal bars be

instrumented with a sufficient number of strain gages to obtain strain data

along the entire development length'

3- In the analysis of the rectangula, 
"olu-n 

specimens, the critical segment length

due to the confining effects of the footing was assumed as twice the tie

spacing. This approiimation was based on limited data and test observations.

However, it is believed that the crit ical segment length is dependent on the

applied axial load. Thus, it is suggested that the crit ical segment length be

further investigated.
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Tab|e3- lGenera | |n |o rmat ionabout theSe|ec tedBr idges

Bddge Structurc ldcntifi cadon

1 979-1 980

Two-soan
post-tensioned
R/C box girder

I
I
I
I
I
I
I
I
I
I
I
I

Table 3-2 Specified Material Properties and Reinforcement for Golumns

I
I
I
I
I
I
I

Brldgc Structurc ldcntlfi cation

27.6  (4 .O)27.6 l4.ol31 .0  (4 .5 )
Conctct. Stnngth, f'., MPa lKdl

Stccl Ylcld Stto!!, /r, MPa lKai)

1 .79  to  2 .13
1  ,79  to  2 .13

o.0

1 .05  ro  1 .60
1 .05  to  1 .60

o.o

' l  .93 to 3.21
1 .42  to  2 .25
O.51 to O'96

1.50  to  2 .49
O.48 to O.57
1 . 0 2  t o  1 . 9 2

Lonqhudlnal stccl Rltio, PP l%l- 
Fltrc Srccl Ratio (96)

Corc Stcrl Ratio l%)

0 ,85  to  0 .870.37 to 1 .1 3O.57 to 0.65Ticr & Crore Tlo Vol. Ratio in

Splnl Vol' Retio t%), 44* /lD' cl
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I
I
I
I
I .ff i"n
I ' t Based on Equation 3-1

I
I
I
I
I  

l 4 . o o r r r i r v r r '  |  
-

I ' -DisranE 
mrneasured to top o{ column

I Based on Eguarion 3-1

I
I
I
I
I

' -;fr;A.easured to top ol column

t 

tt Based on Equation 3-1

I
I

Tab le3-3con| inedProper t ieso |F |areConcre te inCo|umnsof | -1952

Confincd Concrcto ProPctticr

t'-, liPa tKril | "; | ";

35.8 t5.1s) |  o'ooss I o'oj j l

37.o ts.37) | o'ooss I o'ot ez

38.4 {s.57) | o'oo+a I o'ozt z

3e.6 (5.74) | o'oo+a I o'ozgo

4o.2 (5.83) I o'oo+s I o'ozes

Section
Loclton'

Latcral Tic! Ratiorr

Long Direction Short Dircqtion

O m ( O f t l 0.00565 o.oo205

1 .22 n1 l4 f t l 0.o0567 o.oo271

2.aa m (8 ft l 0.o0571 0.00347

3.66  m {12  f t ) 0.00575 o.oo414

4.88  m (16  f t ) 0.00645 o.oo442

Tab|e3 .4conf inedProper t ieso fF |areconcre te inCo|umnsof | -1949

Confincd Concrctc ProPcrtl!!

f'-, MPa tl(ril I "; | "'*

3s.7 (5.751 |  o 'oooa I  0 '0378

41.1 (5.e6)  |  o .ooos |  
0 '03e3

r 33.5 (4.86)  |  o 'oo+z |  0 '019s

I sa.a to.ast I o'ooeo I o'ozoa

Section
Locltionr

Lrtcral Ticl Rrtlo"

Long Dircction Short Dlrccdon

0 m { O t t } 0 .01  130 o.o0410

.1 .22 n1 l4 trl 0 . 0 1  1 3 4 o.oo541

2.97  m (9 .75  t t l 0,00370 o.oo244

3.66  m (12  f t ) o.oo371 o.o0267

o.oo285 33.e t4.e2) I o'ooag 0.0208
4.88  m (16  f t ) 0,oo373

Table 3-5 Confined Properties of Flare concrete in columns of l-1556

Confi ncd Goncrotc ProPcrtlcr

Soction
Locationf

Latcral Ticr Ratiorr

Long Dircction Short Dlrocdon t;, mPt lrt0 e'n 6'*

0 m ( O f t l 0.00847 o.00626 40.6 {5.89) o.0067 0.0355

o.oo762 4 1 . 9  1 6 . 0 7 ) o.oo72 o.0374
0.91 m (3 ft) 0.oo850

1.83  m (6  t t ) 0.00853 0.00918 43.3 t6.281 o.oo77 0.o395

0 .01  128 44.6 t6.46! 0.0082 o.0428
3.05 m (10 f t ) 0.00860

45.2 1655) o.0084 0.0446
3.96 m {13 f t } 0.00864 o.o1247

o.0076 0.0391
4.88  m {16  f t ) 0.00866 0.00873 43.1 t6.251
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Table 3-6 Confined Properties of FlareConcrete in Columns of l-125O {Pl}

6--lsta.,"e -""""r"d ro top of column

Based on Equation 3-1

Tab|e3 'TGonf inedProper t ieso fCoreconcre te in | .1952and| -1949

Bridge
ldentification

Confinod Goncrctc Propcrtict

l'-, MPI lKril €'o e'4

t - 1 9 5 2 48.7  (7 .061 0.0077 o.o724

t - 1 9 4 9 4 1 . 1  ( 5 . 9 6 1 0.0069 0.0393

I
t
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Confinod Conctctc ProPcrdcr

Section
Locationr

Latcral Ticr Ratio"

Long Dlrcction Short Dinction l'*, MPa tKd) | "'* | ";

0 m l O f t ) 0.00401 0.00266 34.0 {4.93) | 0.0043 | o'o2r r

o.91 m (3 ft) 0.00401 0.00326 34.6 (5.011 I  O'Oo45 |  v 'v44o

0.00298 34.3 t4.97) 0.0044 0 .0217
1.83  m (6  f t ) o.o0401

34.8  (5 .O5) o.0046 o.0228
2.74 m (9 ft) 0.00402 o.00353

35.4  (5 .141 o.oo48 o.0237
3.96  m (13  f i )

4 .88  m {16  f t }

o.oo403 o.oo400

o.oo403 o.oo427 35 .7  (5 .17 ) 0.0049 o.0242
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I
I
I
I
I
I
I
I
I
I
I
I
t
I
I
I
I

Table 3-8 Superstructure C'G' and Golumn Axial Dead Loads

Bridge ldantilication

Suporatructuto
C.G. to Framc

Baro, m lltl
Golumn

Dcad Load
kN lKiPr)

1 N
2N
3N

4418 (992)
4280 (9611
4418 {992)

N
llt
o

Nonhbound
6.63

t 2 1 . 7 5 1

4565 (1025)
41 60 (934)

4565 (1025)Southbound
7 .22

(23.70)

4S
5S
6S

4788 (1075)
5478 (1230)
5478 (12301
4334 (973)
4222 19481o

a
o)

Northbound
8.47

127.781

1 N
2N
3N
4N
5N

Southbound
8.49

127.87l.

1 S
2S
3S
4S

5 9 3 3  1 1 3 3 2 1
481O {1O80}
4810 (1080)
5933 (13321

lDu)rt) N.A.
9.63

( 3 1 . 6 1 )

'l

2
3
4

2499 (561)
2583 (5801
2583 (5801
2499 (561)

1 N
2 N
3N

2673 (6001
2691 (604)
3 1 2 3  ( 7 O 1 1E

o
o.

or,)
N

Northbound
7 . 7 2

t25.321

Southbound
7 . 1 1

123.321

1 S
2S
3S
4S

3381 (759)
3554 {7981
3354 (798)
3830 (860)
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I
I
I
I
t
I
I
I
I
I
I
I
I
I
t
I
I
I
I

Table 3-9(a) Column Flexural Gapacity in Bridge l-1952, Northbound

' Distance measured to top of column

Table 3-9(b) Column Shear Demand in Bridge l-1952, Northbound

' Distance measured to top of column

V0rl,n, kil-m lKlP'ft)

Loadng Er.t to W..l W.rt to Erfi

Column I N 21{ 3N It{ 2t{ 3N

Axial Load
kN (Kiprl

I  1 7 1
r2631

42EO
(961r

7665
l172rl

7665
117211

4280
(9611

1171
{263t

Bo
E
3
o
o

E
o
C'
o
o

O m
(o ftl

12706
(9359)

14263
(1  0506)

't5742
(1 1 596)

15742
t1 1 596)

14263
(1 0506l

12706
(93591

1 . 2 2 m
(4 ftt

9684
( 7 1 3 3 )

1  1 0 3 2
( 8 1 2 6 )

1  2501
{9208)

1  2 5 0 1
(9208t

1  1032
(8126 )

9684
{ 7 1 3 3 )

2.4 m
18 fr)

7574
{5579}

8493
(6256)

9399
16923)

9399
t69231

8493
(6256t

7574
(55791

3.66 m
(12 ft)

6734
(4960)

7564
( 5 5 7 2 )

8348
(6149)

8348
( 6 1 4 9 1

7564
(5572)

6734
(4960)

4.88 m
{16 ft l

6488
147791

7290
(5370t

8026
(59121

8026
( 5 9 1 2 )

7290
(5370)

6488
t47791

Loading Elat to W.tl Wcrt to Eart

Column 1 N 2t{ 31{ 1 N 2N 3N

Shcar Dcmand
kN lKipa)

2340
(525 .3 )

2586
(580.5)

2806
{629.9)

2938
{659 .6 )

2586
(580.5)

2205
(495.0)

Plaetic Hinge
Locationf

1 . 2 2  m
(4 ft)

1 . 2 2  m
(4 frl

O-1 .22 m
(0-4 ft)

O m
(0 ft)

1 . 2 2  m
(4 ftl

' t .22 m
(4 ft)
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Tab|e3 .9(c }Co|umnShearCapac i ty inBr idge l -1952,Nor thbound

' -""1a^"" -e"sured to top of column

Table 3-lOta) column Flexurat capacity in Bridge l-1952, Southbound

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Shcar Ctpaclty, kN lKapll

Loading Ealt to Wort Wolt to E.3t

Golumn 1 N 2N 3t{ 1il 2f{ 3N

a

5
E
t
E

"9
t
o

O m
to ftl

7590
(1 704)

7688
tl7261

7799
l1  751  I

7799
{ 1 7 5 1 }

7688
t17261

7590
{1 704}

1 .22m
{4 ftl

6534
(1 4671

6632
(1489)

6743
( r 5 1 4 !

6743
{ 1  5 1 4 }

6632
(14891

6534
t14671

2.44 m
18 frl

6391
(1435 )

6565
114741

6694
(1 503)

6694
(1  503)

6565
114741

6391
(  1  435)

3.66 m
(12 ft)

6245
(14021

6494
( l  458)

6641
( 1 4 9 1 l

6641
( 1 4 9 1 )

6494
(  1  4581

6245
(14021

4,88 m
Ir6 ft)

6049
(1 3s8)

6298
( 1 4 1 4 )

641 8
(14411

6 4 1  8
( 1 4 4 1 )

6298
( 1 4 1 4 1

6049
(1  358)

l/lfrl-, lN-rn lKlP'ftI

Loading E!!t to Wctt Wast to Ealt

Column 4S 5S 6S 4S 5S 6S

Arial Load
kN tKiorl

1171
(316)

4280
r9341

7665
tl7341

7665
| 1 739t

4280
(9341

1 1 7 1
r 3 1 1 t

E
!
t
o

t
I
o
o

O m
(o ft)

12822
(9445)

14202
( 1 0 4 6 1 1

1 5770
(1  16161

15778
t1't6221

14202
110461)

1 2 8 1 3
(9438)

1 .22m
t4 frl

9784
172O7l

1 0980
(8088)

12624
t92281

1 2536
(92341

1 0980
(8088)

9776
172011

2.44 m
(8 fr)

7643
(5630)

8458
(6230)

941 5
t6935t

9420
(6939)

8458
(6230)

7638
(5626)

3.66 m
tl2 f t t

7475
(5506)

7532
(5548)

8361
1 6 1 5 9 )

8365
( 6 1 6 2 1

7532
t6548)

6791
(50021

4.88 m
{r6 ftl

6548
t4823t

7296
t53741

8038
{5921 )

8o,42
{5924}

7254
(5347t

6544
(4820)

' Distance measured to top of column
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Table 3-1O(b) Column Shear Demand in Bridge l-1952, Southbound

Table 3-1O(c) Column Shear Capacity in Bridge l-1952' Southbound

Distance measured to top of column

I
I
t
I
I
I
t
I
I
t
I
I
I
I
I
t
I
t
I

Loading Ettt to Wcal Wect to Errt

Column 4S 5S 6S 45 5S 6S

Shcu Dcmand
tN (Kipr)

2064
(463.5)

2259
(507 .11

2503
{562.O}

2645
(593.8 t

2259
( 5 0 7 . 1 )

1 962
l44O.7l

Plastic Hingc
Location'

1 . 2 2  m
(4 ftl

1 . 2 2  m
{4 ft}

1.22-2 .44  m
(4-8 fr)

0 m
(o-4 ftl

1 . 2 2  m
(4 f t )

1-22 m
(4 ft)

' Distance measured to top of column

Shcar Capacity, kN {Kiprl

Loading Erlt to Wc.t Wcrt to Errl

Column 4S 5S 6S 4S 5S 6S

E
a(,
0

E
o

t
o

O m
(o ft)

7 5 9 9
(1  7O6t

7688
117261

7799
( 1 7 5 1 1

7803
t17521

7688
117261

7599
(1 706t

1 .22m
(4 ft)

6538
( 1 468)

6628
(1  488t

6743
( 1 5 1 4 )

6743
(1  514 )

6628
{14881

6538
(r 4681

2.44 m
{8 ft)

5772
(1 296)

5857
( 1  3 1  5 l

5973
(134 r  )

5973
( 1 3 4 1 1

5857
( 1 3 1 5 )

5790
(1 300t

3.66 m
t12 ft)

6267
( 1 407)

6485
( 1 456)

6641
( 1 4 9 1 )

6641
( 1 4 9 1 1

6485
( 1 4 5 6 1

6262
(14061

4.88 m
tl6 ft l

6066
( 1 3 6 2 )

6285
( 1 4 1 1 1

6414
t14401

641 8
(1441 t

6285
t 1 4 1 1 1

6062
(1  361  )
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able 3-11(a) Column Flexural Capacity in Bridge l'1949' Northbound
I
I
I
I
I
I
I
I
I
I
I
I
I
t
I
I
I
t
I

. -,cffi;ffiEE toP of column

' -5i;it;" 
-e""ured to top of column

W!31

UU)-. lll-t n tKiP'ttl

WcJt to E tt

5NLoading
5N lll 2t{ 3ltl rlN

4t{
Co|umn 1t{ 2N 3N

561 2
rr260l

6031
r13541

6a24
t153212655

(5961
1648
r370)

1791
t4021

40tr4
r9081

Axial Load
kN (Kip!4-

7754
r17411

6896
(1548)

6349
r1 201)

20175
(14861)

21192
(1 561 0 l

21 880
( 1 6 1  1 7 1

22063
(1 62521

22411
(1 6508)

22442
( 1 6 5 3 1 )

21766
( 1 60331

20565
t1 5148)

201 10
t l  481 3 l

a
co
E
a
oo
3
o

I
o

O m
(o ttl

1 .22m
t4 ft)

22A15
(1 6806)

15577
l't't4741

1 6353
t1 20461

1 6843
(1 2407)

1 6971
(125011

17213
(1 26791\7234

(1 26951
1 6765

{1 2349)
1 5874
t1 16931

15527
(1 1437)1 7495

(1  28871
1 0468
(77 1 '1  )

1 0558
177771

'to728
t7902)9756

{71861
9495
t69941

9533
170221

1 0 1  1 5
(745112.97 m

t9.75 tt)
1 0926
(8048)

10743
(7913 )

1 0 4 1 3
(76701

9382
(6911 )

9686
(7135 )

9762
( 7 1 9 1 )

9904
(729s19048

(66651
8805
(6486)

8841
( 6 5 1 2 13.66 m

(12 ft l
10071
t7418)

991  7
(7305)

9640
( 7 1 0 1 )

841 6
t6199)

8926
(6575)

9204
(6780)

92'12
(6830)

9400
(6924)

4.88 m
t16 fr)

9549
(70341

941 1
(6932)

9 1  6 2
(6749)

861 1
163431

8383
t6175 )

Table 3-11(bl Column Shear Demand in Bridge l '1949' Northbound

Wrrt to E.tt
Loading

E!!t to Wcrt

3il 4l{ 5N I N tlt 3l{ 4il 5N
Column 2N1 N

2995
(672.5)Shcar Dcmand

kN lKiPrl
2358

(529.5)
2447

{549.5)
261  0

t585.9)
2661

(597.41
265 1

(595.2)
2057

(461 .9)
2304

(517 .41
2624

( 5 8 9 . 1 1
2880

{646.5)

2.97 m
t9.75 ft)

2.97 m
19.75 {tl

2 .97 m
(9.75 ft)

2.97 m
t9.75 fr)

2.97 m
{9.75 ft l

2 .97 m
(9.75 ft)Plartic Hingc

Locetionf
2.97 m
(9.75 ft)

2.97 m
19.75 ft)

2.97 m
(9.75 ft l

2 .97 n
(9.75 frl
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I
I
t
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
t

Tab|e3-11(c }Co lumnShearGapac i ty inBr idge ' . ' ' o '@

, '5ffiffi""*Ad 10 1oP ol column

Table 3-12(a) Column Flexural Capacityin Bridge l-1949, Southbound

' Tisra.tce measured 10 top ot column

kil- tKiotl
t

Loading
En rt to Wcat

2N 3I{ 5N4I{

3 N l 4 N l lll

Golum4- 1 N
12124
127?21

12240
127481

12275
{2756)

1 2338
12770112222

127441
12021
(26991

1 1941
(2681)

1  1999
r2694)

E
G
to
co

t
at

O m
(oft)

12404
(27851

12342
127711

9901
122231

10022
122501

10053
122571

1 0 1  1 5
1227119799

(2200)
9723
(2183)

9732
(2185 )1 .22m

(4 frl
1 0 1 8 6
122871

1 0 1  1 9
t22721

10004
122461

381 3
(856)

3862
(867)

3875
{870}

3897
(875)37-13

t8471
3741
(8401

3732
(838)2.97 m

{9.75 ftl
3928
(882)

3902
(876)

3853
(865)

4362
(9771

4521
( 1 0 1 5 1

4641
(1 o42l

4654
(1045)

4654
{1045}

3.66 m
(1 2 tt)

4654
(1 045)

4654
(1 045)

4623
(1 O38l

441 I
(992)

4338
t974)

4499
( 1 0 1 0 )

4507
t 1 0 1 2 1

4681
t 1 0 5 1 )

4797
(1077 )

4810
{1 080}

4810
(1 080)

4.88 m
116 ft)

481 0
( 1 o8o)

4 8 1 0
( 1 o80)

4779
{1 O73)

4574
r1 027)

lfil,l.n, fil'm lKtP'ft)

Loadine E!.t to W.rt
wo3l ro

1 S 2S 3S 4S
Column 1 S 2S 3S 4S

23a7
t5351

2365
16311

3621
18t 3l

6000
t13471

9500
(21331Axial Load

kN lKind

9478
|.212Al

5991
113451

3630
r8161

22047
( 1 62401

21003
(154711

20444
(1  5059)

20433
( 1 5 0 5 1 1

20999
(1  5468)

22050
t'|62421

23580
(1 73691

E
o
!

t
Eo
(,
o
o

O m
to ftl

23569
( 1 7 3 6 1 )

15782
(1  1  625)

15774
( 1  1 6 1 9 )

16207
( 1  1 9 3 8 )

1 6963
(1 24951

1 8026
f 327411 .22n

(4 ftl
1 8 0 1 8
1132721

1 6960
(1  24931

1 6209
(1 1 9401

2.97 m
t9.75 ftl

1 1 2 9 5
(83201

1 0550
177711

1 0008
173721

9686
( 7 1 3 5 )

9681
{ 7 1  3 1  I

1 0005
(7370)

1 0 5 5 1
177721

1 1 2 9 9
(83231

8983
( 6 6 1 7 1

8978
(66131

9280
(68361

9745
(7187)

1 0383
(7648)3.66 m

Ir2 ft)
1 0379
(7645)

9756
( 7 1 8 6 1

9242
(6837)

4.88 m
116 fr)

9828
t7239)

9265
(6825)

8831
(650s)

8550
t62981

8545
{62941

8828
(65031

926?
(6826)

9830
172411

1 0 1



in Bridge l-1949' Southbound

Golumn Shear Demand in Bridge l-1949' Southbound

Table 3-12(bl

. L6"-tancom;ffi4-to top ol column

Table 3-12(cl Column Shear Capacity

I
I
I
I
I
t
I
I
I
I
t
I
I
I
I
I
I
I
I

' 
-Di"ran"" 

a""trt"ti ro top of column

2.97 m
(9.75 ft)

2.97 m
(9.75 tt)

2.97 m
t9.75 tt)

2.97 m
t9.75 ft)

2.97 m
t9.75 rtl

2.97 m
(9.75 lt l

2 .97 m
(9.75 ft)

Shcar CePcclt
f

y. kl{ tKiDrl

Locding
E!!t to Wclt

3S 4S

2S 3S 4S 1S 2S

Golumn 1 S
12271
127551

1 2538
(2815 )1 2093

t27151
1 1 9 9 9
{2694)

1  1 9 9 9
(26941

1 2093
127151

! l
E I
o l
o l

E
t
o

O m
to ft)

12534
(2814)

12271
{2755}

9777
(21 95)

9777
(2195 )

9870
12216l.

1 0053
122571

't0262

t230411.22m
t4 ftl

10262
(2304)

1 0048
122561

9870
122161

3777
(848)

3764
(845)

3799
(853)

3875
(870)

3982
(8941

2.97 m
(9.75 ftl

3977
(893)

3875
(8701

3804
(8541

3643
{818 )

3608
(8101

3603
t8091

3554
t798)

371  5
t8341

3A22
(858)

3.66 m
t12 ft)

3A22
{858}

3 7 1  5
(834)

4396
t987)

4490
{ 1 008}

4664
(10451

4654
(1 O45)4.88 m

(16 ft l
4654
(1045)

4654
t1  0451

4490
( 1 0081

4396
(987)

102
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Table 3-13(a) Golumn Flexural Capacity in Bridge l-1556

fli"tan"" me"srted ro toP of column

N;;;ti;; sisn indicates axial t€nsion

Table 3-13(b) Golumn Shear Demand in Bridge l-1556

' -Al-i66"asured 
to top of column

rU'f"'tNiltKte-ftt 
;:;;il

Loadlng
Eart to Wct{---- 

r I 3 4
1 2

1
3 42

Column 1 167
12621

4000
t8981

6?48
t l  51514000

r8981
1 167
12621

-1750r r

t-393Fr

-1750'  r

t-3931"Axial Load

!!gP!L
O m
to ft)

6748
t1 5151

1 3 1 8 6
(9713)

1 4904
(10978)

16408
(1 2086)1 3 1 8 6

t971 3)
1 0988
t8094)

1 0988
(809411 6408

(1 2086)

14904
(10978)

12142
(8944)

1 3321
(9812)9016

(6641)
901 6
t6641)

10755
179221

t
E
a

t
5
t
o

O.91 m
t3 ftl

1  3 3 2 1
( 9 8 1 2 )

12142
(89441

1 0755
179221

6230
(4589)

7174
t5243)

7833
{5770)501 I

(3696)
501 I
(3696)3.OE m

t10 ttl
7833
(57701

7178
(5243)

6230
(4589)

5620
(41401

6406
(4719)

701 6
t5168 )5620

t4140)
4542

t3346)
4542

(3346)3.96 m
(13 ft l

701  6
(5168 )

6406
{47191

524'I
(3865)

6009
144261

6575
{4843)6009

144261
5247
(38651

4275
(3149)

4275
(3149 )4.88 m

(16 ft l
6575
(4843)

Erlt to Wctl
w.rt to Erd

Loadng
1 2 3 4

Column I 2 3 4

Shcar Dcmand 3427
(769.51

3 1  1 9
(700.2)

2749
1617.21

2276
( 5 1 1 . o 1

2276
( 5 1 1 . o 1

2749
1617.21

3 1  1 9
(700.21

3427
(769.51

6 .71  m &
0 m

i.22 tr &
o f t l

6 . 7 1  m  &
0 m

122 lt &
0 fr)

6 .71  m &
0 m

122 tr &
of t t

6 .71  m &
0 m

122 rr &
o fr)

Plardc Hingc
Locationr

6 . 7 1  m  &
O m

122 tr &
o ft)

6 .71  m &
O m

|'22 tt &
o frl

6 . 7 1  m  &
O m

122 tr &
o fi)

6 . 7 1  m  &
O m

122 t1 &
o rtl

1 0 3
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Table 3-13(c) Golumn Shear Capacity in Bridge l-1556

' f f ioPof column

Table 3-141a) Golumn Flexural Capacity in Bridge l-1250 (P1)' Northbound

Elst to Wcrt

l r tll{rr lKlo-ftl

W.st to Ettt

Loading
1 N 2t{ 3N

Column 1 N 2N 3ll

-557r'
t-1251. r

.557"
l -1251r  r

2240
t5031

6801
r16271Axial Load

kN lKiDll
5409
r14391

2637
{5921

1A402
(1  3555)

1 6706
(1 2306)

1 5098
( 1  1  1 2 1 )

1 5098
{ 1  I  1 2 1 )

1 6 5 1 5
{ 1 2 1 6 5 )

1 8566
(1 3676)

€
t
3
o

E
tt

O m
to ft)

1 2 1 9 0
(8979)

1 2 1 9 0
(8979)

13284
t97631

1 4760
( I  O8721O.91 m

13 ft)
14641

(1  0785)
1  3397
(98681

8775
t64641

8775
t6464)

9 7 1 6
(71 57)

1 1 0 2 6
( 8 1 2 2 )1 .83  m

16 fr)
1  0926
(8048)

9842
(72sol

661 7
148741

661 7
t48741

7494
(65201

8678
(6392)2.74 m

(9 fr)
8589
163271

7612
t5607)

6705
(4939)

5858
(43151

5858
(4315 )

6606
(4866)

7574
(s579)3.66

112 ft t
7506
(5529)

5050
(37201

5050
(3720)

5804
142751

6781
t4995)4.88 m

t16 ft)
67',!2

(4944)
5904
t4349)

' 
--Di-$;"-t;;"tut"d 

to lop of column

I t Negative sign inoicatesliti t*"ion' Rocking occuts at '557 kN (-1 25 Kipsl

Shoar C4acfi'lA l(@

I w'd to Eltt

Loadlng
Ead to U

1 2

,cat

TI L 1 2 3

6525
(1465)Co|umn . 5732

n2A7l
6356
114271

6445
1144716356

114271
5732
(1287)O m

to ft)

6525
(1465)

6445
(1 447)

5296
(1  1891

5380
(12o8)

5465
1122714717

t1 059)

47',17
(1059)5380

(1 2081
5296
(1  189)o.gt m

{3 ft)
5465
112271 4748

(1066)
4966
( 1 1  1 5 )

5 1  5 3
{1 1 57)4530

( 1 0 1 7 )
4530
( 1 0 1 7 )3.06 m

(ro ft)

3.95 m
(13 ft l

5 1  5 3
( 1  1 5 7 )

4966
( 1 1 1 5 )

4748
(1 066)

4534
(1018 )

4686
(1052)4058

{ 9 1  1 )
4058
( 9 1  1 )

4320
(970)4686

( 1 0 5 2 )
4534
{101  8 l

4320
(970)

3960
(8891

4178
(938)

4396
(987)

4530
( 1 0 1 7 )4174

(938)
3960
t889)4.88 m

t16 ft l

4530
( 1 o 1 7 )

4396
(987)

2775
(623)

2775
(623)

3336
(7491

3425
(769)

3 5 1 0
t788)

6.71
l22l

3 5 1 0
(788)

3425
{7691

3336
{749)

1 0 4
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Table 3-14(b) Column Shear Demand in Bridge l-125O (P1l' Northbound

Table 3-141c) Golumn Shear Gapacity in Bridge l-125O (P1)' Northbound

. -6i;6;;;;*red to top of column

1 0 5
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Flexural Capacity in Bridge l-125O (P1)' Southbound

T

. L5-n"" 
-"".ur"O to top ol column

' 
-T-i|t;;;;;*t"d 

to rop of coiumn

able 3-15(a) Golumn t
..- 

tttJ-,tttt-tKlPttl ------

Ertt to V,.st /rs
Lordlng 2s1s

3S

1s 2S 3s /ts
2931
(6581

1964
{4411Column 5247

(1 1781
4179
r93812967

(6641
4161
(9321

5621
112621Axial Load

IN (Klprl

1 590
(3571- 17457

(1 2859)
1 6850
1124121

1 6379
(1 2065118076

(1 331 5)
17920

(1 3200)1 6862
1124211

17444
(1 28491O m

(o ftl

' t  6197
( 1  1 9 3 1 1 1 3957

(102811
1 3505
{9948)

1 3 1 5 4
{9689)1 3948

(1 02741

14407
(1061 2)

14295
(1 0530)

1 0628
(78291

O.91 m
13 ft)

1  3 0 1 6
(9588)

1 3 5 1 3
(9954)

1 0337
(7614)

9937
173201

9627
(709111 0328

(7608)
10724
(7899)1.83

(6 ftl
9507
(70031

9946
173261

8333
t61381

8074
(5947)

7700
(5672)

7411
(5459)7708

(5678)
8065
(5941)

8416
(6199)2 . 7 4 m

19 ft)
7298
(5376)

6780
(4994)

6535
(4814)7369

(5428)
7304
(53801

7095
(5226)3.66 m

(12 ft l
6440
147441

67A7
{4999}

7089
152221

5732
1422216291

{46341
6573
(48421

6508
t4794)

6298
{4639}

5980
(44O51

4.88  m
(16 ft)

5637
(4152 )

5986
(44091

Table 3-15(b) Golumn Shear Demand in Bridge l-125O (P1l' Southbound

Wcrt to E .t
Elrt to Wctt

Loading

?s /ts 1 S 2S 3S 4S
Column 25t s

2278
( 5 1 1 . 5 )

2408
(540.6)

2297
( 5 1 5 . 7 1

2211
(496.3)Shcrr Dcmand

kN (KiPr)
1 995

(448.O)
2299

(516 .21
2406

(540.11
251  0

1563.51

2.74  m
(9 ft)

2 . 7 4  r
(9 ft)

2 .74  m
{9 fr}

2.74  m
(9 ftl

2.74 m
(9 ft)Plardc Hingc

Locttlonr

2. '74  m
19 ft l

2 . 7 4  m
(9 ft)

2 .74  m
(9 frl

1 0 6
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able 3-15(c) column shear Gapacity in Bridge l-1250 (P1), southbound

' -;i"-t""""-;-tilA to toP of cotumn

,
I t

6;;6c" .e"sCA to toP ol column
Based on Equation 3-1

|.I|| tKiod
D

Eart to Wort
r lLoading 1 S 29_ 3S

Colurrn 1 S 2g- 35

5594
(1 2561

5 5 1  4
(1  238)

541 6
( 1 2 1 6 )

5345
(1200)5510

112371
5621
(1 262)O m

to ft)
531 I
(1 194)

5421
112171

co
a(,
o

E
t
o

4624
(1039)

4530
( 1 0 1 7 )

4458
(100114735

t1063)
4708
t10571O.91 m

13 ftl
4427
(994)

4534
( 1 0 1 8 )

4623
(1038)

2312
(519 )

2272
{510 )

2245
(504)2272

(510 )
2312
(519)

2356
t529)

2343
(526)2.74 m

t9 ftl
2231
(501 )

3091
(6941

2998
(673)

2922
(656)3087

(693)
3202
(719 )

3 1  7 1
171213.66 m

(12 ft l
2895
(650)

2998
r6731

301 1
(6761

2931
(6581

2A37
(637)

2761
(62012A37

(637)
2926
(6571

3038
(682)4.88 m

t16 ft)
2735
{614}

Tab le3- l6Rev isedProper t ieso{F la reconcre te inGo|umnsof | -125o(P1}

Confi ncd Conc?'t' ProPcrtlcr

Soction
Locttion'

Larcrd Ticr Rrdor'

Long Dlrcction Short Dircction r'-, MPa tKdl I .L | " -

O m { 0 f i ) o,oo401 o.oo266 5 6 . 1  { 8 . 1 4 } 0.o036 0.0169

56.8 {8.231 0.0038 0.o179
O.91 m (3  t t l o.oo401 0.00326

o.oo37 o.o174
1.83  m (6  f t ) 0.00401 0.00298 s6 .3  {8 .19 )

57 .1  (8 .28 ) 0.0038 o.0183
2.74 m (9 fr) 0.00402 0.00353

9.96  m (13  f t ) 0.00403 0.00400 57.6  t8 .36) 0.0039 0.0191

57.9  {8 .401 o.oo40 o.0195
4.88  m {16  f t ) o.oo403 o.oo427

107
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Table (a) Revised Column Flexural Gapacity in l-125O (Pl)' Northbound

. 'ffiffid t::"#1r"r"H[:. 
Rockine occurs ar -557 kN (-125 Kips]

t ' Negative sign indicat'

3-

lad to Wcrt
--t

tf,fJ.o, kl{'rt

<
, (Klp'ftl

nc r t t oE  t t

3l{Loadln9 tll 2l{

Co|umn 1t{ 2N
-557r'
t-l25)r r

1399
t3141

7648
(171711777

t3991

-557r'
Gl25rr -Axial Load

kr{ tKipll-

7269
(1632)

1 8835
(1 38741

1  9 9 7 3
t ' t 4 7 1 2 1

23299
(17162 )201 86

( 1 48691

1 5892
t1 1 7061

1 8835
(1 38741

E I
0 i
(,
o

O m
to fr)

23107
( 1 7 0 2 1 )

15732
(1 1 588)

1 8 2 1 1
(13414 )1 4856

t10943)

14856
(1 0943)0.91 m

t3 ft)
1 8069
(13310 )

10929
r8050)

1 0929
(8050)

1 1 7 1 5
(86291

1 3 9 1 2
(10248)

1.83 m
(5 ft)

1 3790
( 1 0 1 5 8 1

1  1 8 6 1
t87371

8208
(6046)

a922
(6572)

10901
t8030)9052

(6668)
8208
{6046}2 ,74m

19 ltl
1 0791
(7949)

7883
(58071

9541
(7028)7996

(5890)
7270
t5355)

7270
(5355)3.66

(12 ftl
9451
(6962)

6 2 1  5
(4578)

621 5
(4578)

6 8 3 1
(so32l

8530
(62831

4.88 m
tl6 f t l

8437
(621 5)

6945
( 5 1 1 6 1

Table 3-17(b) Revised Column Shear Demand in l-125O (P1)' Northbound

DEffimeasfed to top ot column

1 0 8
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Table 3-17(c) Revised Column Shear Gapacity in l-125O (P1)' Northbound

'moPo f  co lumn

Table 3'1g{a} Revised Column Flexural Capacityin l-1250 (P11, Southbound

' l]ilice measured to top of column

3,66 m
(1 2 ft)

4.88 m
{16 ft}

tlf I -.- kNr m (Klp-ft)

Wcrt to Ettt
Elat io w.3t

Loadng
1 S 2S 3S 4S

Golumn 1 S 2S 3S tss

6017
t 1 3 5 1 1

5679
112761

4320
r9701

27A8
r6261

I 532
t3441Axlal Load

kN lKlorl

I  194
r2681

2A24
r6341

4285
r9621

22301
1164271

21607
( 1 5 9 1 6 )

20751
(1 52851

20050
(1 47691

c
B
3
l)
o

co
E
I
th

O m
to ftl

1  9859
( 1 4628)

20771
(1 53001

215A7
( 1 5 9 O 1 1

22475
{1  6555}

O.91 m
(3 frl

1 5645
1115241

1 6336
(1 2033)

1  6953
(1 2488)

1 7606
(1 29691

1 7480
(1  28761

1 6968
(1  24991

1 6321
1120221

1 5789
(1 1 6301

1.83
t6 ftl

1 1 6 3 6
( 8 5 7 1 )

12262
(9032)

12821
194441

1 3390
(98631

1 3280
197821

1 2835
(9454)

12248
t90221

1 1767
(86681

2 .74m
t9 trl

8850
t 6 5 1  9 l

941 5
{6935}

9920
(7307)

1 0430
(76831

1 0333
( 7 6 1 1 1

9932
(7316 )

9403
(69261

8968
t6606)

3.86 m
n2 tt)

7A22
157621

8307
1 6 1 1 9 1

a740
t64381

9 1  5 8
(67461

9078
(6687)

875 1
(64461

8296
t 6 1  1  1 l

7924
(5837)

4.88 m
t16 ft)

6769
(4986)

7262
{53491

77o,0
{5672)

81 33
15991 )

8049
(5929)

7 7 1 1
(5680)

7251
(5341 )

6A72
(50621

1 0 9



Table 3-18(b) Revised Column Shear Demand in l-125O (P1)' Southbound

Table 3-18(c) Revised Golumn Shear Gapacity in l-125O (Pll' Southbound

, -ffi-t;a;u-" lneas'uted to rop of column

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Shcar Gapacit
r

r. kt{ tl0Prl

Wcst to Ead

Loadlng

1 S

Eart to \
-l

25 l

Uaat

18 2S 38 4S
?t tLs

ColUmn
7028
(1 578)

6890
(1  547)

6739
( 1 5 1 3 )

661 0
(148416739

(1  51  3 )
6886
(1 5461

7060
(1 585)

.E
E
o
o

3
o

a,
o
o

O m
(o ftl

6579
114771

5790
(1 3001

5639
(12651

5 5 1  4
(1238)5643

t12671
5790
l1 3OOl

5964
(1 339)

5933
(1 332)O.91 m

(3 ftl
5478

(1  230)

281 9
(633)

2895
(650)

2877
(646)

2824
(634)

2761
t6201

2 7 1 2
(609)

2 .74m
(9 ftl

2699
r606)

2761
(620)

3862
t867)

4062
(912 )

4026
t9041

3888
(873)

3728
(8371

361 2
t81  1 )3.65 m

tl2 ft l
3577
(803)

3'141
(8401

3835
(861)

3826
t8591

3692
(829)

3536
(7941

3412
(766)4.88 m

tr6 ft l
3385
(760)

3541
(7951

3688
(828)

1 1 0



Table 3-19 Effect of Material Over Strength on

BRIDGE l-125O (Pll' Northbound Bent

Shear

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
t
I
I
I

lncrcalc in Dcmand (%l

lncroale in CaPacity l%l

1 1 1



Table 4-1

Table 4-2 Estimated*
Specimens

Shear Demand and GaPacitY for Rectangular Golumn

Tab|e4-3MeasuredconcretePropert ies|orBectangu|arColumnSpecimens

Conctctc Locldon
Concrctc SlumP

mm lin.l
Concrctc Strcngtht

MPa (l(dl

A 1
A2

Footing

Column

38  11 .5 ) 31.7  {4 .60)

50 (2.O1 27.2 13.95l.

29.7 {4.30}

28.1 (4.O81B 1
s2

Footing

Column

50119L_
50 t2.O)

. -7Gt-a;ffiiil-n-'1he dav ol testing

I

I
I
I
I
I
I
I
I
I
I
I
t
I
I
I
I
I
I

Ir.- 
"..n 

Ratio' At'ltrnJ

Ir*p r (specimens 41 & A2)

CrouP tt fsPggt-1" ffi

]n"", 6"pt"rw I F HwA Rctloftt Marrrcl
- 

kt{ lKipll

@l ProPerties
B a s e d o n 6 = 4 b .

1 1 2



Table 4-4 Measured Steel Properties for Rectangular Column Specimens

@ Ultimtte I

Bar Size

@ Yicld I- ,
eu f,. MPa (Kall

er 1 ,366lKi l

676 (98.01
455 (66.0) 0 . 1 6 0

06 mm
lfl2l

o.oo23

738  (107 .0 )
428162-0l o . 1 2 1

01O mm
(f  3)

o.oo21

0 . 1 1 0 731  (106 .0 l
0 1 9  m m

(#6)
o.oo22 448 {65.o}

Table 4-5 Measured concrete properties for Flared column specimens

I
I
I
t
I
I
I
I
t
I
I
I
t
I
I
I
I
I
I

. -f"--dtGi 
on the day ot lesling

I t After idding super plasticizer to the mtx

Table 4-6 Measured steel Properties for Flared column specimens

Concrcto Str.ngthr
MPr lK:l)

Spccimen
Concrctc Locrtion

Goncrctr SlumP
mm lin.)

48.3 (7.00)

HS
LS

Footing

Column

90 {3.5}

200 (8.O1" 51 .7  (7 .50)

Bar Size

@ Yidd @ Ultimatc

ey lr, llPt ll(d) €s /,, MPe lKril

06 mm
t#21

0.0023 455 (66.0) 0 .160 676 (98.0)

0 1 5  m m
(#5) o.oo22 438 t63 .5) o . 1 5 0 7 1 0  ( 1 0 3 . 0 )

1 1 3



Table 5-1 confined properties of Rectangular Golumn specimens

Confinrd Concrtt' ProPcnier

22.5 (5.06)

27.7 16.211

I
I
l
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Tab|e5-2Exper imentalResu|tsforRectangu|arGo|umnSpecimens

m...rtrod Dbdtc.mcm' ?rllilu'.d
YLld

Guvrtun
rDr. nd/m

(ttd&tl

Spaclm.n

Axl.l
Locd
Ratlo

P,4'', A)

Eflcctivr
Yl.ld Fotc.

(Frtd.
tt{ l(.ll

M..rmd
Yl.ld
Forcr

tF)
til lrdl

4
mm lhl

4
mm lln.l

Pt

Drilr
Rdo

%

5 .3 5.2
0.o07796
(o.ooo198l282.8

(63 .5)
262.3
(58.9)

23
(o.92)

121
(4.76)

A1 0 . 1

100
(3.93) 5 .2 4 . 3

0.oo7795
(o.ooo198)

A2 o.24
308.7
t69 .3)

289 .1
(64.9)

1 9
(o.75)

24
(o.94)

1 6 1
(6.32)

6 .7 6.9
0.oo8976
(o.000228)

B1 o.o9
292.2
(65 .5)

263.O
(59.O)

123
(4.83)

6 . 1 E ?
0.oo8976
(o.000213)

82 o.23
3 2 1 . 1
t 7  2 . 1 1

287.7
(64.6)

20
(o.79!

1 1 4



Table 5-3 Gonfined properties of Flared column specimens

Confi ned Conctrte ProPcriioa

Scction
Locationl

Latcral Tier Fltior'

Long Dhcctlon Short Onction l'*. ttPa lKdl e'o €'*

38.2 {8.58} 0.o034 o .o157
O mm l0 in.) o oo41 2 o.oo269

o.oo289 38.4 (8.62) 0.0035 o.o160
127 mm (5  in . ) o.oo412

0.00310 38.6 (8.66) o.oo35 0 .o163
254 mm (1O in ' ) o.oo411

o.oo333 38.7 (8.70) o.oo36 o .o166
3 8 1  m m  ( 1 5  i n . ) 0.00410

0.oo302 38.5 18.65) o.oo35 o .0162
737 mm (29  in ' ) o.oo409

0.oo356 38.9  (8 ,73) o.oo36 o .0170
1O92 mm (43 in.) o.oo409

o.oo37 o .o174
1295 mm (51  in ' ) o oo409 o.oo385 39.1  (8 .78)

o.oo409 39.3  (8 .81) 0.o038 o .o177
1499 mm (59  in . ) 0.00410

39.618.84) o.oo38 o.o180
17O2 mm {67 in . ) o.oo410 o.00425

o.oo433 39.4 (8.85) o.oo38 0 .o181
2OO7 mm (79 in. l o.oo410
-
ffi"" -"azured to 1oP of footing

Based on Equation 3-1

Table 5-4

l
I
I
I
I
I
I
I
t
I
I
I
I
I
I
I
I
I
I

Effective yield Moment and corresponding shear Force for Dilferent

iro., Sections along Flared Column Specimens

' -D'istsnc€in€asured 
to top of lootang

S9.d|rxn LS Spoclrnrn HS

Soctiotl
Locrtbnf

Shcrr Sprn
mm lln.l It)-.

kt{-m (l(lslnl
V)-'

rx fibat
lM)n'

ktt.m lKlp.hl
lF)o

lt{ ll(brl

O mm (O in.) 2426  (95 .5 ) 944.4 (8348) 389.3 (87.4) 1271.1 t',t12361 s24.2 1117.71

127  mm (5  i n . ) 2299 t90.5) 879.7 177761 382,6 (85.9) 1 1 79.3 (104241 5 1 3 . 1  ( 1 1 5 . 2 )

254  mm (1O  i n . ) 2 1 7 2  ( 8 s . 5 1 816 .8  ( 7220 ) 375.9 (84.41 1093.2 (9663) so3.3  (113.O)

381  mm (15  i n . ) 2045 (80.5) 762.4 (6739) 372.8  (83 .7) 1014 .8  t 8970 ) 4 9 6 . 2  ( 1 1 1 . 4 )

737 mm (29 in ' ) 1689  (66 .5 ) 567.9 (5020) 336.3 (75.5) 739 .O  (65321 437.4 198.21

1O92 mm (43 in.) 1334  (62 .51 480 .9  { 4251 ) 360.8 (81.O) 602 .4  ( 5325 ) 4 5 1 . 6  ( 1 0 1 . 4 )

1296  mm (51  i n . ) 1  1 3 0  ( 4 4 . 5 ) 445.1 t39341 393.7 (88.4) 557.7 (4930) 493 .5  ( 110 .8 )

1499 mm 159 in.) 927 (36.s) 418 .9  ( 3703 ) 4 5 1 . 6  ( 1 0 1 . 4 1 s24.3 t4634) 665 .7  { 127 .O}

17O2 mm (67 in.) 724 |.2a,6l 402.0 t3553) 556 .4  ( 124 .7 ) 502.3(4440) 693 .9  ( 155 .8 )

2OO7 mm (79 in.) 4 1 9  ( 1 6 . 5 ) 400.5 t3540) 955.8  1214.6) 461.1  (40761 1100.1  (247.01

1 1 5
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Table5.5Exper imenta|Resu|tsforF|aredGolumnSpecimens

tcaruod Dilpl.c'm"rtr

Sp€cim.n

Arbl
Lord
$l

lKlDt)

Mrctwrd
Ybld
Forcl

tF)
tN lK.il

4
mmlhl

4
nrm lh.l

Pt

Drltt
R.do

%

' t 72 .7
(6.80)

7 . 6 7 . 1
LS

632
(142)

294
(66)

22.7
(o.89)

387
t87)

26.7
(1 .05)

159 .O
16.271

6.o 6 .6
HS

7 1 3
(160)

1 1 6



Tab|e6-1ca|culatedF|exura|Def|ect ionsforSpecimenAl

tlot!iim
rd.

OLtrnc. ol
G.G." to ToP

of Colunn
mm llnl

FLrr'tl
D.fi.cdon

mm (krl
S.ctlon

Locltlonr
mm lln)

liomsrt
rN-m (KFtnl

Curvttltt
rad/m lrrdfitl

I
t-*t

. :J
i ! l
o E  I

! !  |

o
{o)

496.9
(43971

o.00636
(o.ooo1615)

o.oo07796
1 969

(77 .531
1 . 5 3

(o.06044)127
(5 )

467 .9
(4141 )

o.oo592
(o.ooo1503)

o.oo07238
1A42

|J2.531

!  2 ?

(o.o5250)254
( 1 0 )

441 .o
(3903)

o.o0548
(o.oo01392)

o.oo502
(o.ooo1276)

o.00066? I
I  7 1 6

(67.541
1 . 1 4

(o.o4506)3 8 1
( 1 5 )

414.4
(3665)

o.0006120
1  586

(62.54)
o.97

(o.o3827)508
(20)

387.3
134271

o.00461
ro_ooo1 1721

o.oo1 0650
1 4 0 1

( 5 5 . 1  7 )

1 . 4 9
(o.o5875)762

(30)
333.5
(2951)

o.oo377
{o.oooo958}

o.ooo8552
1  1 4 8

(45.20)
o.98

(o.o386611 0 1  6
(40)

279.7
l?475l.

o.oo296
{o.oooo751}

o.0006525
895

(35 .25 )
o.58

(o.o2300)1270
{50)

225.9
(1 999)

o.oo2'l I
(0.00005531

644
(26 .34 )

o.30
(0.o1164)1524

(60)
1 7 2 . 1
(1  523 )

o.oo144
(0.oooo366)

o.ooo4593

o.o004513
307

(12.07)
o . 1 4

(o.oo544)2032
(80)

64 .5
(571  )

o.ooo34
(0.ooooo86)

0.006266
8.48

(o.3338)
Totrl @ ToP of Column

10.39
(o.4090)Total Detlection along Actuator Conl€rline

l
I
I
I
I
I
I
I
I
I

61G"-e ."""rt6d to lop of tooting

Certlor ol gravity ol curvatuto 8l€6 (Continued on next Pagel I
I
I
I
I
I
I
t
I1 1 7



(Continued on next Pagel
' 

-Disrattc" 
metsurod to lop

Cont€r of grrvitv ot curuetute area

I
I
I
I
I
I
t
I
t
I
I
t
I
I
l
l
I
I
I

Table 6'1 l}ont'd) Calculated Flexural Deflections for Specimen Al

Dbt nc. ol
C.G.r' to Top

of Gdurn
mm llnl

Fluud
Dcffocdon
mm ftrl

Scctlon
Locltion'
mm llnl

ilomant
ril-m (KlP'ln)

Curvrrun
rrd/m trrd/hl

Rotedon
ttd.

t-
I
t-r

s fs l
. r ' l
r D l '

: ; l
i l t
3 ! l

0
(0)

6 1 3 . 4
(6428)

o . 0 1 1 9 6
(o.o0030391

o.oo13495
1  971

(77.60)
2.66

(o.10473)127
(6)

s80.o
(51 33)

o.00929
(o.oo02359)

0 .o010832
1 843

172.571

2.O0
(o.o7862)

254
(10 )

546.7
(4838)

o.oo777
(o.ooo1974)

0.o0673
ro.oool710)

0.oo09209
1 7 1 6

(67.56)
r . 5 8

(0.o62221
381
{1  5 )

5 1 3 . 4
t4543)

0.oo08157
1 589

(62.54)
1 . 3 0

(o.05102)so8
(201

480.o
142481

0 .00611
(o.ooo1553)

o.oo141 31
1401

( 5 s , 1 6 )
1 . 9 8

(o.07796)
762
(30)

4 1 3 . 4
(36581

o.oo50r
(o.ooo1273)

o.oo11404
1  1 4 8

( 4 5 . 1 9 )
1 . 3 1

(o .o5154 )
1 0 1  6
(40)

346.7
(3068)

o.oo397
ro ooo'loo8)

o.ooo8804
895

(35.24)
0.79

(o.o3103)
1270
(50)

280.o
124't8l

o.oo296
(0.0000753)

o.0006303
643

(25 .33 )
o .41

(0 .01596 )
1524
t60)

2 1 3 . 3
(1  888 )

o.oo200
ro.oooo507l

o.0006239
307

(12.O9)
o . 1 9

(o.oo754l2032
(80)

80.o
(708)

o.ooo46
(o.ooool 171

12.21
(o.4806)

TotEl @ ToP ol Column 0.oo8858

1 4 . 9 1
(0.5869)

Totrl Oetledion tlong Actusiot Centerhn€

of

1 1 8



I
I
t
I
I
I
I
I
l
I
I
T
t
t
l
I
I
I
I

Table 6-1 lCont'd) Calculated Flexural Deflections for Specimen A1

D'iA-e'.";;tsuted to toP ot looting

Ccnter ot gtrvity of curvltule atoa

Rot dotr
rad.

Dlaunc. of
C.O.r' to ToP

of Cohtrnr
mm llnl

Fbrut l
Nbcdon

mm (lnl
S.ctlon

Loedon'
'n|n llnl

lUlomdil
Hr-m (rb'|nl

C|'vatta
rrd/m trrdrttl

o.13787
ro.oo35020lt

I
i l: t
o l( ' | l

i i lc r t  I
: !  I
o a

0
{0)

698.3
(61 80)

o.o297670
1924

{75.75)
57.27

(2.254851216
(8 .5 )

698.3
(6180)

o.1 3787
(0.oo35020)

1 798
170.771

8.66
(o .34101)254

( 1 0 )
685 .8
(6069)

o.1 1 506
(0.oo29225)

o.oo48184

o.o103956
1723

(67.841
1 7 . 9 1

(o.70522'381
(1  5 )

644.0
(5699)

o.o4865
(0.oor 2358)

o.o1096
(o.ooo2783)

o.oo37E51
1 601

(63.03)
6.06

(o.238571s08
(201

602.2
(5329)

o.0022614
1 407

(55 .38 )
3 . 1 8

(o .12524 )762
(30)

5' l  8.4
(4588)

o.0068s
(0.ooo1740)

o.oo537
(0.0001364)

o .oo15520
1  1 4 8

(45.20)
1 . 7 8

(o.o7015)r o 1 6
(40)

434.8
{3848)

0.o01 1943
895

{35 .24 }

l .o7
(o.o4208)1270

{50}
351 .2
(3108)

o.oo404
(o.ooo1025)

o.0008667
643

(25 .30 )
o.56

(o.0219311524
{60)

267.6
(2368)

0.oo279
(0.oooo709)

o.00062
(0.o0o0158)

0.ooo8663
308

112.121
o.27

(o.ol050)2032
{80}

100 .3
(888)

o.o55507
96.76

(3.80961
Total @ ToP ol Column

1 1 3 . 7 0
(4.47631Toral Detlaction alono Actualot Cenletline

1 1 9



lContinued on next Pagel
' -6;6;;;-r€d io rop or tootins

Cenlet of gtEvity of curyatut€ ar€a

I
I
I
I
I
I
I
I
t
t
I
I
I
I
I
I
I
I
I

Tab|e6.2Calcu|atedF|exura|Def|ect ionsforSpecimenA2

Rotdott
trd'

OLt ttc. of
C.G.rr to fop

ol Colunrn
mm(hl

Fbrut l
D.il.ctbn
mn (hlScctlon

Locatlonr
mm llnl

Momdil

lil-m lrb'hl
Cswalu?a

red/m lndlLrl

t.
L

e t
i f: t
:T I
i l  I
i !  |
3 5  |

0
(o)

540.6
147841

0.oo591
(o.0001 502)

o.oo071 83
1 970

177.541
1 . 4 1

(o.o5570)127
(5)

5 1 1 . 2
145241

0.oo540
(o.ooo1372)

o.0006548
1 843

172.54\
1 . 2 1

(o.047501
254
( 1 0 )

4 8 1 . 8
142641

0.oo491
(o.o001248)

o.0005937
1 7 1  6

(67.541
1 .O2

(0.o40101381
( 1 5 )

452.5
(4004)

0.oo444
(0.ooo1 127)

o.oo398
{o.ooo101 1}

o.0005345
1  589

(62 .55 )
o.85

(o.o3343)508
(20)

423.1
137441

o.ooo8941
1 403

(55 .22 )
1 . 2 5

(o.o4937)762
(30)

364.3
13224l.

o.oo306
{o.oooo778l

o.ooo6789
1  149

t45.241
o.78

(o.o30721
1 0 1 6
(40)

305.6
127o4l.

o.oo228
(o.oooo580)

o.oo160
(0.oooo407)

o.ooo4934
896

{35 .29 )

o.rt4
(o .o1  741 )1270

(50)
246.8
(21  84 )

o.o003431
643

( 2 5 . 3 1 )
o.22

(o.oo868)
1524
t60)

1 8 8 . O
( 1 664)

o.oo1 lo
(o.oooo279)

o.ooo3768
295

( 1 1 . 6 1 )
o , 1 1

(o.oo438)2032
(80)

70 .5
(624)

o.ooo38
{0.oo00097}

o.o05288
7.30

{0.2873}
Total @ ToP ot Column

8.91
(0.3so7)

Total D€llection along Aclualot Centerline
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Table f.2 lCont'd) Calculated FlexuralDeflections for SPecimen A2

G;n"e m"lsuttd io top ot tooring

Ccntor ol gtsvity of curvature Etea
lContinued on next Pagel

S.ctlon
Locrdon'
mrn llnl

Morilant
lil-m (Kb{nl

Crvatuc
rrdlm lrd/Ltl

Ilot!tlon
tad.

Dlrtanc. ot
C.G.r' to ToP

ol Column
mm lh)

FLrrral
Dclloctlon

mn (hrl

,l
E t

_il
ir I( , E  I
: !  |
o a  I

o
to)

634.2
( s61  2 t

o.o1  196
(o.ooo1940)

1 2 7
(s)

599 .7
(5307)

0.oo929
(o.ooo1770)

o.oo09274
1 970

n7.541
1 . 8 3

(o .o7191 )

254
(1O)

565.2
(5002)

o.oo777
(0.ooo1 61 1) o.oo08452

1 843
172.541

1 . 5 6
(0 .06131 )

381
(1  5 )

530 .8
(4697)

o.oo573
(o.oo01457)

o.ooo7670
1 7 1 6

(67.54)
1 . 3 2

(o.o51801

508
(20)

496 .3
(4392)

0.00611
(0.oo01308)

0.0006912
1 589

{62.54}
1 . 1 0

(o.o4323)

762
(30)

427.4
(37821

o.o0501
(o.ooot o27)

o .oo l  1677
1402

(55.201
t . 64

(o.06446)

1 0 1 6
(40)

358 .4
t31'I2l

o.oo397
(o.oooo765l

0.ooo8962
' I  149

t45.24l-

1 .o3
(o.o4055)

1270
(50)

289.5
r2562)

o.oo296
(0.0000527)

0.ooo6458
897

( 3 5 . 3 1 )
o .58

(o.02280)

1524
(60)

220.6
{1  952}

0.o0200
(o.oooo339)

o.0004328
644

(2s.36)
0.28

(o.o1098)

2032
(80)

82.7
17321

o.ooo46
(o.ooo0114) o.0004534

296
( 1 1 . 6 5 1

o . 1 3
ro.oo528)

Totsl @ Top of Column o.006827
9.48

(0 .37231

1 1 . 5 4
(o.4542)Total Dcflcclion !long Aduatot Contstline
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Table 6-2lCont'd) Galculated Flexural Deflections for Specimen A2

. 
'1-'-r-r"-" 

a"*"-A to lop of toortng

I 

C€nt€r ot gtavity of curvetut€ area

I
I
I
I
I
t
I  t zz

I

Botdofr
r.d.

Dldrnc. of
C.G.rr  to ToP

of Colurtn
rnm llnl

FLrrr.l
D.fiacdon

mm lhl
S.dbn

Locadonr
mm (lnl

Momant
ktl-m (IlP{n}

CurYrhm
nd/m(nd/hl

I
t: t

: t
:i I
is  I(J t r
E !
o !

o
(0)

724.6
(6412)

o.1 0622
(o.0026980)

' t924

r75.751
44 .12

t1 .737171216
(8 .5 )

724.6
(6412)

o.10622
(o.oo26980)

o.0229330

o.oo27851
1 800

t70.86)

5 .O1
{o.1 9736)254

{10 )

7 1 1 . 6
(6297)

o.o3998
(o.oo101 54)

o.oo31043
1724

(68.O31
5 .36

(o .21  1  19 )381
( 1 5 )

668 .2
(591  3 )

o.oo891
(o.0o02263)

o.oo10382
1 589

{62 .57 }

1 . 6 5
(o.o6497)508

(20)
624 .8
{5529)

o.oo744
(o.ooo1890)

o.oo16892
1402

(s5 .201
2.37

(o.09324)762
(30)

538 .O
t 4 7 6 1 )

o.oo586
(o.ooo1489)

o.oo1 3037
1  1 4 9

145.241
1 . 5 0

(o.o589811 0 1 6
(4())

451 .2
{3993)

o.oo441
(0.00011 19)

o.ooo9529
896

(35.29)
o.85

{o.o3363}1270
(50)

364.4
t32251

o.oo3l o
(o.ooo0787)

o.0006399
645

(25 .38 )
o.41

(o.o1624)1524
(60)

277.6
124571

o.o0194
(o.oooo493)

326
fi2.A21

o . 1 9
(0.oo753)2032

(801
104.2
(9221

o.ooo57
(0.0000144)

o.0006369

o.o55507
61 .48

12.42031
Total @ ToP ot Column

7 2 . 1 7
(2 .8415 )

Tolal Dcfbction along Aciutlot C6ntetline



Table 6-3 Catculated Flexural Deflections for Specimen 81

I
I
I
I
I
I

. l

Distanca melsured to top ol looling

c€ntor ot gravity of curvalure at6a

I
I
I
I
I
t
I
I
I
I
I
I

lContinued on next pagel

Socdon
Locldon'
mm llnl

t$onrnt
tll*n ll(lp.ttl

Curvdnta
red/m lnd/lnl

Rotrtlon
?!d.

Dbtdrc. ot
C,G.f r to Top

ol Colurm
mm 0nl

Harrrrl
Dclbcdon
nrm llnl

a
c

Y
N
t;
tt
;
I

o

d l l
i z !
o t
, Y
c t l
r 5
! ?

o
(o)

5 1 1 . 4
(4526)

o.oo664
(o.ooo1687)

127
(5 )

483 ,6
(42801

o.006l6
{o.ooo1 564)

o.o008130
1 969

r77.53)

t  E 2

(o.o60301

254
( 1 0 )

455.8
(4034)

0.00572
(o.o001453) o.0007543

1842
(72.53 ,

1 . 3 9
(0 .05471 )

381
( 1 5 )

428.0
(3788 )

o.oo526
(o.ooo1336) o.0006973

1 7 1 5
(67 .53 )

1 . 2 0
(0.04709)

508
(20)

400.2
(3542)

o.oo483
(o.oo01227) 0.ooo6408

1 589
(62.541

1 . 0 2
(o.04007)

?62
(30)

344.7
(3050)

o.oo397
ro.ooo1009l

0.oo1 1 180
1 4 0 1

( 5 5 . 1 6 )
1 . 5 7

(o.06167)

. -  1 0 1 6
(40)

289 .1
(255E)

o.oo314
{o.oooo798)

o.ooo9036
' 1  1 4 8
( 4 5 , 1 9 1

1 .O4
t0.o4084)

1270
(50)

233.6
t20661

0.oo231
(o.ooo0588) o.0006929

89s
(35.25)

o.62
(o.o24431

1524
(60)

177.9
(1  574)

o.oo155
(o.oooo393l o.ooo4903

643
(25.33)

o.32
to.o't2421

2032
(80)

66 .7
(5901

o.ooo35
(0.ooooo88l o.oo04803

308
t12 .121

o . 1 5
(0.o05821

Total @ Top of Column 0.006591
8 .89

(0 .3501 )

Total DGtl€clion !long Actultor Cantsrline
10 .90

(o.4292)
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lContinued on next Pagel
. -!i;ifr'"" 

-;tod to top ot tooting

Ccntcl of gtaviry of culvalure atea

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
t
I

Tab|e6-3|Cont,d)calcu|atedF|exura|Def|ect ionsforSpecimenBl

Rot!don
r.tl.

Dbt nc. ot
C.G.r' to ToD

of Golumn
mm llnl

Fhrutd
DrOccdon

mm lhl
Srctlon

Locltbn'
mm llnl

lrlom.nt
kil-m lfbdnl

Cu?Yatrta
rid/n lr!d/h!

Ie f
q l
o t

? t

iti
i E  I
o e  I

o
(o)

623 .8
(5520)

o.o1430
(o.o0036321

o.oo1 5530
1972

177.641
3.06

(o .12057)127
(5)

589.9
(5220)

o . 0 1 0 1 6
(o.oo02580)

o.oo1 1642
1 844

(72.591
2 . 1 5

(o.o8451)254
(10 )

556.O
(4920)

o.o0818
(0.oo02077)

o.ooo9632
1 7 1 6

(67 .57 )
1 . 6 5

(o.o6so8l381
( 1 5 )

522.'l
(4620)

o.oo699
(o.ooo1776)

o.oo623
(o.oo01583)

o.o008396
1 589

(62 .65 )
1 . 3 3

(o.o5252)508
{20)

48A.2
(4320)

o.oo14433
1401

(55 .161
2.O2

(0.o796r )762
{30)

420.4
(3720)

o.oo513
(0.ooo1304)

o.oo1 1702
1  148

(45 .19 )
1 . 3 4

(0.os288)1 0 1  6
(40)

352.6
(31 20)

o.oo408
(0.oo01037)

o.ooo9091
895

(35 .23 )
o.81

ro.o3203)1270
(50)

294.4
t25201

o.o0307
(0.oooo781)

643
(25 .32 )

o.42
(o .o1657)1524

(60)
2 1 7 . O
t1 920)

o.oo207
(0.oooo527)

o.ooo6544

0.0006451
308

l'12,121
o.20

(o.o0782)2032
(80)

8 1 . 4
t?201

0.ooo46
(0.oooo1 18)

0.oo9342
1 2 . 9 9

(0 .51  16 )
Total @ ToP of Column

1 5 . 8 4
(o.6237)

Totat Deflection along Aelustor Csntorline
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Tabfe 6-3 lCont'd) Calculated Flexural Deflections for Specimen 81

Center ot gravity ot curuEtut€ erea

Scctlon
Locrdon'
mm llnl

Momnl
ttl-m ((tp-lnl

Crrvlitm
red/m lrad/Lrl

E('lrtlon
red.

Dbtancr ol
C.G." to ToP

ol Cdunn
mm lh)

FLrutd
Dcfi,..doo

mm lhl

O
c
v
c?
.o
D
-
J

3
31 Itt

d u
Z !

s q
( , t
: !
o l

o
(ol

737.4
{6526 )

0.1 6307
(o.oo414201

1 6 5
(6 .5 )

737.4
(6526)

0.1 6307
(o.oo41420) o .026923

1 949
{76 .75 )

52.44
(2.0663)

254
{ 1 0 )

707.3
(6259)

0 . 1 1 8 0 9
(0.00299951

0 .012498
1A25

(71  . 84 )
22.81

(o.8979)

381
( 1 5 )

664.2
t5878)

0.06230
(0.oo158251 o . 0 1 1 4 5 5

1 7  2 1
(67.76)

19.72
1o.7762',

508
(201

6 2 1 . 0
(5496)

o.02425
(o.0006l60l o.oo5496

1 597
rc2.471

8 .78
{o.3455}

762
(30 )

534.8
(4733)

o.oo742
r0.ooo1884)

o.oo4022
1420

(55 .89 )
5 .71

p.224al

1 0 1  6
{40}

448.5
(3969)

0.oo559
(o.ooo1420l o .oo1652

1  149
(45.23)

1 . 9 0
to.o7472l

' t 270
(50)

362.3
(3206)

0.oo423
(o.ooo1074) o .oo1247

895
(35 .23 )

1 . 1 2
(o.0439)

1524
(60!

276.1
124431

o.oo294
(o.oooo748) o .ooo911

643
(25.30)

o.59
(o.o231)

2032
(80)

r  03 .5
( 9 1 6 1

o.00065
{o.oooo164}

o.ooo912
308

112.141
o.2a

(o .o1  111 )

Total @ Top of Column 0 .0651  16
1 r 3.37

(4.4634)

Totat Dellection along Actualot Centerline
133 .25

{5.2459}

m€!surod to 'p ol tooting
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Table 6-4 calculated Flexural Deflections for specimen 82

Distance mBasursd to top of fooring
Center of grEvity ol curvature ar6a

I
I
I
I 

126

lContinued on next pagel

S.ctbn
Locctlon'
mm llnl

Momem
kt-m ((lp-lnl

Gurvrtun
rcd/m lrrd/hl

Rotrdon
rld.

Dlrtanc. ot
C.G. ' r  to Top

ot Colrrn|
mm (lnl

Flcrud
Dcfrcdon

mm llnl

a
.g
Y

r
ID

-
J

{
,: ll

: t
- q
o i
: t
- 3 5

o
(o)

562.4
(49771

0.00617
(0.ooo1567)

127
(s)

531  . 9
t4707',

0.00565
(o.ooo1434l o.ooo7504 1 970

|.77.541
1 . 4 8

(o.o5818)

254
( 1 0 )

501 .3
(4436)

0.oo514
(o.oo01306! o.0006851 I 843

172.541
1 . 2 6

{o.04969}

3 8 1
( 1 5 )

470.8
(4166)

o.00465
ro.oool 180) 0.0006215 1 7 1 6

(67.541
1 .O7

(o.041981

508
{20}

440.1
(389s)

0.004r4
(o .oo010511 o.ooo5579 1  5 8 9

(62 .5  s )
o.87

to.03489)
762
r30)

379.0
(3354)

0.o0323
(o.000082 r I o.ooo9362 1402

(65,2  r  )
1 . 3 1

(o .o5168 )

1 0 1  6
(40)

246.7
(2 r 83)

o.oo238
(0.0000604t o.ooo7125 1  1 4 9

(45 .25 )
o.82

to.o3224t
'1270
(s0)

256.7
t22721

0.oo166
(0.oo0042 r I o.0005125 897

(35.30)
o.46

to.o1809l
1524
(60)

195 .6
( 1 7 3 1 )

0.001 13
(o.oooo286t o.ooo3537 643

t25.321
o.23

(o.oo89st
2032
(80)

73.3
t649)

o.ooo39
(o.oooo099t 0.0003855 295

( 1 1 . 6 2 )
o . 1 1

(o.oo448,

Totrl @ Top ol Column 0.oo5515 7 .63
(0.3002)

Total D€tlection rlong Actustor C€nt€rline 9 . 3 1
(o.3664t



Tabfe 6-4 lcont'd) calculated Flexural Deflections for specimen 82

I
I
I
I
t
I
I
I
I
I
I
I
I
I
t
t
I
T
t

Distanco measured to top of footing
Center ol grsvity of curvature Ires

(Continued on next pagel

Scctlon
Locadono
mm linl

Momanr
ll{.m (Kh.lnl

Curvrtuc
nd/n (nd/hl

Rotlilm
rld.

Dirtanco of
C.G.rf to Top

of Column
mm (tn)

Flctrrat
D.f,.ctlon
nm llnl

a
a

!
q
G'
(D

-
I

o
n tcJ
d i l
2 =
o !
. Y

o l
r !
o a

0
(ol

654.9
(5796)

0.o0800
(0.0002033!

1 2 7
(5)

6 1 9 . 4
( 5 4 8 1 )

o.oo720
(o.0o01828) o.ooo9652 1 970

177.541
1 . 9 0

(o.o7485)
254
( 1 0 )

5 8 3 . 8
(51  66 )

o.00654
(o.ooo1662' o.ooo8726 1 843

172.541
1 . 6 1

(o.o6330)

3 8 1
( 1 5 )

548.2
(4851  )

o.oo593
(o.ooo1505l o.ooo7917 1 7 1 6

t67.54)
1 . 3 6

(o.o5347)

508
(201

5 1 2 . 6
(4536)

o,oo533
(0.ooo1353) o.ooo7r44 1  589

(62 .54 )
1 . 1 3

(o.o44681

?62
(30)

441 .4
(3906)

o.oo416
{o.ooo1056) o.0o12046 1402

( 5 5 . 2 1  '
1 . 69

(o.o6650)
' t o 1 6
(40t

370.2
(3276)

o.oo309
(0.oooo786l o.ooo9209 1  1 4 9

(45.241
1 .06

to.o4167)
1270
(50)

299.0
(2646)

0.oo213
(o.oooo541t o.0006634 897

( 3 5 . 3 1 )
o.59

$.02342',
1524
t60'

2 2 7 . 8
( 2 0 1 6 )

0.00r 37
{o.oooo347) o.ooo4443 644

(25 .361
o.29

(o.o1 127)
2032
(80)

85.4
(756 )

o.ooo46
(o.o0001 161 o.ooo4630 296

( 1  1 . 6 7 )
o . 1 4

(0.o0540)

Torsl @ Top ol Column o.o07040 9 .77
(o.3846t

Tolal Dcflcction rlong Actuator Cenrerlinc 1 1 . 9 1
(o.4690)

1 2 7
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Tabfe 6-4 lCont'd) Calculated Flexural Deflections for Specimen 82

top of tooting

I
I
I
I
I
I
t
I
t
I
I
I
I
I
I

S.ctlon
Locribn'
mm (fr)

Momant
tN-m ll(b-ln)

Curratrra
red/m lrad/krl

Rofrdon
rrd.

Dbtlnc. d
C.G.'i to Tog

of Colurur
mm llnl

Florurl
Dofloctbn
mm lhl

e
.g:
I
oc
-
I

r,
r''

61 (}

d l l
2 = r

s q
o l
: !
O Q

o
(0)

772.9
(6840)

o.1 3303
t0.0033790t

1 6 5
{6 .5}

772.9
(6840)

o.1  3303
{o.oo33790} o .o219635 1 949

(76 .75 t
42.82

(1 .68570)

254
( 1 0 )

741 .3
(6560)

0.06135
{o.o015584} o.oo86405 l  828

( 7 1 . 9 7 )
1 5 . 7 9

(0.6218't )

381
( 1 5 )

696 .1
(6160 )

o.oo993
to.ooo2522l o.oo45266 r 730

(68.10)
7 .83

(o.30826)

508
(20)

650.9
(5760)

o.00785
(0.ooo19951 o.o01 1293 1 590

t62.60)
1 .80

(o.07069t

762
(301

560.5
(4960)

0.00614
(o.ooo1559) o .oo17767 1402

(55.20)
2.49

(0.o9808)

1 0 1 6
t40)

470.1
(4160)

0.0046r
(0 .ooo11721 o.oo1 3653 1  1 4 9

145.241
1 . 5 7

{o ,06176 t

1270
(50)

379.7
(3360)

o.00323
r0.00008201 o.ooo9960 896

(35 .29 )
0.89

(o .03515 t

1524
t60)

289.3
t2560)

0.oo202
(0.0oo0512) o.ooo6660 645

(25 .39 )
o.43

(0 .o1691)

2032
(80)

1 0 8 . 5
{960)

o.00058
(o.oooo147) o.0006592 301

( 1  1 . 8 5 )
0.20

(o.oo781l

Total @ Top ol Column o.o41723 73.42
(2.90621

Totel Defl€ction along Actuator Centetline
86.54

{3 .4071 )

m€rsurGd to top of
Cgnter ol grlvity of cutvatur€ ar€a
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I
ITable 6-5 Calculated Shear Deflections for Rectangular Column Specimens

Specimen Latcral Load. lltl lXiptl Shoar Defloaion, mm (in)

A 1

212 147.6t 2 .79  (0 .1  101

263 (59.0t 3.45 (0.1361

330 (74.O1 4 . 3 4  ( 0 . 1 7 1 )

A2

232 t52.Ol 3 . 0 7  ( O . 1 2 1 )

272 t61 .Ol 3.60  {0 .142}

342 t76.81 4 .55  (0 .1791

B 1

219 149.21 2.29 (O.090)

267 (60.0, 2 . 7 9  t O . 1  1 0 1

340 (76.3) 3.56 tO.140)

s2

241 154.1',t 2 .51  (0 .0991

281 (63 .O1 2 .92  (0 .1  15 )

356 (80.0) 3 . 7 1  ( O . 1 4 6 )

Table 6-6 Calculated Bond Slip Deflections for Specimen A1

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
t
I

Ldcr.l
Load, kl{

lKiprl
€ra

o.'
MPa
lXril

Dirllnc.
ot St..lr
to ltl.A.
mm (inl

I
mm (inl

l1

mm (lnl
h

mm lin)
6,

mm linl
0.

rad
4

run linl

2 1 2
147.61

o.oo211 422
(61 .2 )

332.2
(13.079)

365
1 1 4 . 3 6 1

o.384
(0 .01  51 t o.oo1 16 2 .72

(o .1071

263
(59.O1 o.oo431 448

t65 .0)
360

(14 .1881
387

( 1 5 . 2 5 1
o.434

( 0 . 0 1 7 1 )o.oo120 2.79
{ 0 . 1 1 0 )

330
t74.O)

0.0484
603

(87 .5 )
3 5 1

{ r  3 .8211
621

120.521
1 3 4

15.271
387

{ 1 5 . 2 5 }
3 .391

(0 .1  335 ) o.oo966 22.54
(o.889)

' Outermogt tensile steel laver
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Table 6-7 Calculated Bond Slip Deflections for Specimen A2

I  I  l z o . s )  l - - - -  |  ( / / . !

| 
' Outetmost tensile steel laver

I
I
I
I

I
I
I
I

Table 6-8 Calculated Bond Slip Deflections for Specimen 81

I 

' -,rt-,.osr d"ile steel laver

I
I
I
I

Table 6-9 Galculated Bond Slip Deflections for Specimen 82

Oulermost tensile steel laYet

Lrtcrrl
Load, kN

lKipr)
€r'

o.'
MPa
(Knil

Dirtancc
of Staalr
ro N.A.
mm llnl

I
mm linl

l1
mm linl

t,
mm (inl

6,
mm lin)

e
rad

4
mm (inf

232
(52.O) 0.o0159 3 1 9

146.21
270.1

(10 .632 )
275

(10.831
0 . 2 1 8

(o.oo86) 0.ooo81 1 . 9 1
(o.o75t

272
(61 .01 o.oo216 430

162-4l.
243

{ 1 1 . 1 4 9 1
373

(14.70)
0.404

(0 .o159 )o.oo142 3 .33
( 0 . 1 3 1 1

342
(76.8) 0.o320 537

(77.91
301

{ 1 1 . 8 4 9 1
464

|.18.271

77
t3 .02)

387
115 .25 )

1 . 7 4 8
(o.06881 o.oo581 1 3 . 5 6

(0.534)

Lde'tl
Load, k]l

(l0prl
€.t

or.
MPa
(KC)

Dirtrncr
of Stcd'
to lrl.A.
mm llnl

I
mm lln)

l1
mm llnl

l2
mm llnl

6,
mm linl

q
rad

4
mm {in}

219
(49.2) o.oo225 448

(65.O)
338

(13 .3071
387

( 1 5 . 2 5 t
0.434

(0 .01  71  I o.oo128 3.OO
( o . 1 1 8 1

267
(60.o) o.oo534 467

167.71
373

(14,682t
387

t 1 5 . 2 5 1
0.434

( 0 . o 1 7 1 1o.oo1 16 2 .72
(o .1071

340
(76.3) o.o5803 642

( 9 3 . 1 t
356

(14 .0151
E E E

(21 .85 )
1 6 8

t6.601
347

( 1 5 . 2 5 )
5.444

( 0 . 2 1 5 9 1 o.o1540 35.99
l ' t .4171

Ldcrrl
Load, kttl

lKipr)
€r'

or'
MPa
lK!i)

Dlrtrncc
of Stccl'
to N.A,
mm (lnl

I
mm linl

l1

mm linl
l2

mm (inl
6,

mm (inl
g

rad
4

mm llnl

24',|
154 .1 t

0.o0170
339

149.21
275

(10.825t
293

{ 1 1 . 5 4 1
0.249

(0.0098) o.ooo91 2 . 1 1
to.o83)

281
{63.O)

0.00231
448

(65.0)
288

(11 .3431
3E7

(15 .25 )
0.434

{0 .01711
o.oo151 3 .53

(o .139 t

356
(80.o) o.0421 578

(83.8)
317

(12.466t
499

119 .661
112

t4.411
387

(15 .251
2 .92

(0.1 1 49) 0.00922 21.54
(0.848t

1 3 0



Table 6'1O Calculated Lateral Deflections for Rectangular Column Specimens

Spccimen

Latcral Loed
kN lKiprl

Flcrurcl
Defection, A,

mm lin)

Shear
Deicction, A,'

mm linl

Bond Slip
Deflcction, A"

mm fin)

Totll Dctrcction
4

mm (in)

A 1

212 147,61' 10.4  (O.409t 2 . 8  ( O . 1 1 0 ) 2.7 l0.107l 1  5 . 9  ( 0 . 6 2 5 1 ' .

263 (59.0t 1 4 . 9  ( O . 5 8 7 1 3 .5  (0 .1361 2 .8  {0 .1  10 ) 21 .2  (O .833 t

330 (74.0t 113.7 14.4761 4 . 3  ( O . 1 7 1 1 22.6 (0.8891 140.6  (5 .536)

A2

232 t52.Ol' 8 . 9  ( O . 3 5 1 ) 3 . 1  t O . 1 2 1 ) 1 . 9  { O . O 7 5 l 1 3 . 9  ( O . 5 4 7 t .

2 7 2  ( 6 1 . O ) 1 1 . 5  ( 0 . 4 5 4 ) 3 . 6  ( O . 1 4 2 ) 3 . 3  ( 0 . 1 3 1 1 14.4 rc.7271

342 t76.81 72.2 12.8421 4.6  (O.179) 13.6 (0.5341 9O.4  {3 .555)

B1

219 t49.21' 10 .9  (O.429) 2.3 {0.090} 3 . O  { 0 . 1 1 8 1 1 6 . 2  ( 0 . 6 3 7 1 ' .

267 (60,01 15.8 tO.624) 2 . 8  ( 0 . 1 1 0 1 2.7 to.107l 21  .3  t 0 .841 )

340 (76.3) 1 3 3 . 4  ( 5 . 2 4 6 ) 3 . 6  t O . 1 4 0 ) 3 6 . O  ( 1  . 4 1 7 ) 173.O (6 .803t

s2

2 4 1  ( 5 4 . 1 1 r 9.3 (0.366) 2.5 (O.O99) 2.1 {0.083} 1 3 .9  (0 .548) .

281 (63.0) 1 1 .9  (0 .4691 2.9  lO.1  1  5 ) 3 .5  (0 .1391 18 .3  (O .7231

356 {80.0} 86.5  (3 .407) 3 . 7  ( 0 . 1 4 6 ) 2 1 . 5  ( 0 . 8 4 8 1 1 1 1 . 7 ( 4 . 4 0 1 1

I
I

' o.75 lF"l.n
i t  0.75 Af lCalcularedl

Table 6-11 Calculated Lateral
Specimens

Deflection Components for Rectangular Golumn

I
I
I
t
I
I
I
I
I
I
I
I
I
I
I
I
I

Spocimcn Loading Stcgc \ / \ , % Ao/ \ ,  % a,/4 , %

A'l
@ vieto 70.5 1 6 . 3 13.2

@ ultimare 80.9 3 . 1 1 6 . O

A2
@ Yieu 62.5 1 9 , 5 1 8 . O

@ Ultimate 80.o 5 .0 1 5 . 0

B 1
@ Yi€rd 74.2 1 3 . 1 12.7

@ Ultimate 7 7 . 1 2 . 1 2 0 . 8

B2
@ Yieto 64.9 1 5 . 9 19.2

@ ultimare 77.4 3 .3 1 9 . 3

1 3 1
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t Table 6-12 Measured and Calculated Displacements for Rectangular Column
Specimens

I
I
I
I
I

I
I
t
I
I
I
I
I
I
I
I

Spccimen

Mcarurcd Dilplaccmcm! Galculatcd Dirplaccmcrttc

4,  mm
fin)

A,, mm
llnl Pa

Ddft Rario
%

4, --
(an)

4 ,  mm
linl Ita,

Drift Rado
%

A 1 23
(0.e2)

121
(4 .76) 5 . 3 5 . 2 21.3

(o.841
1 4 0 . 8
(5 .541 6.6 6.0

A2 1 9
(0 .75)

100
{3.93} 5 .2 4.3 1 8 . 5

t0.73)
90.4

(3 .56 t 4 .9 ? o

B1 24
(0.94)

1 6 1
(6 .32) 6 . 7 6.9 2 1  . 6

(0 .85)
173 .O
(6.80) 8.0 7 .4

82 20
t0.79)

123
(4.831 6 . 1 5 .3 1 8 . 5

(0 .731
1 1  1 . 7
(4.401 6 ,0 4 . 8

I 
Table 6-13 Equivalent Plastic Hinge Length for Rectangular Column Specimens

Specimcn

Equivalcm Plartic Hinge Lcngth, /r. mm (inl

Paulay and Pricrtlcyr Eakcr tt

A 1 373 114.71 4 1  1  l 1  6 . 2 )

A2 3 7 3  ( 1 4 . 7 ) 5 5 1  ( 2 1 , 7 )

B 1 373 114.71 4 0 1  ( 1 5 . 8 )

82 373 114.71 531 (20.9)

Table 6-14 ldealized Yield Curvature for Rectangular Column Specimens

. _-First 
yield values were obtained from momenl-curvature analysis of the confined sections

Spocimen

Firlt Yicld' ldcelizcd Yicld

Momcnt,
kN-m ll0p-ln)

Cuwrturc, Q
rad/m lnd/lnl

Nominal Capacity. tll"
kN-m lXlp.inl

Yicld Cuwltnr., Q,
rad/m lrad/inl

A1
525.3
{46491

0.007008
(0.0001781

646.0
,57171

0.oo8622
(o.ooo219t

A2
6 5 1 . 1
(5762)

0 .008110
(o.ooo206l

7 1 9 . 6
(6368)

o.oo8976
(o.ooo228)

B1
527.4
(4667)

0.007165
(0.000182)

646.4
(57201

0,008780
(0.0o02231

82
659.9
(5840)

0.008189
(o.ooo208l

728.3
(6445)

0.009055
(o.ooo230l
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I
ITable 6-15 Calculated Flexural Deflections for Rectangular Column Specimens

Using Equivalent Plastic Hinge Approach

ln by Paulry tnd Pricrdcyr I by Brkcf'

Specimcn

Q,
rad/m

lrad/inl

Q,.
rad/m

(radfinl

Ylcld Flcxural
Diaplaccmcm

lAJ,
mm (lnl

Plartic
Flcrural

Di:placcmcm
(4r,

mm (lnl

Total Flcxural
Dirplcccmcm

lArl,..
mm (inl

Plastic
Flexural

Dirplaccmcm
(4L

mm linl

Total Flcxunl
Displaccmm

l4lr"
mm linl

A 1 o.oo8622
{o.ooo21 9}

0 .1  3587
(0.oo3451 )

1 5 . 7
(o .618 )

102.2
t4.o22l

1  1 7 . 9
(4.640)

1  1 5 . 6
(4 .393 )

127.3
(5 .O1 1 l

A2 o.oo8976
(o.ooo228l

o .1  0587
{o.oo2698t

1 6 . 3
(o.6431

78 .1
(3.O74)

94.4
( 3 . 7 1  7 l

1 t o . 5
r4 .360 )

126 .8
(4.993)

B 1 o.0o8780
ro.ooo223)

o .1  6307
(o.oo41421

' t  6 .o
(o.629)

1 2 3 . 9
14.8771

1 3 9 . 8
(5 .506 )

132.3
$.2071

148.2
(5.836)

B2 o.oo9055
to.ooo230)

o .13303
(o.oo3379)

1 6 . 5
(o.649)

99.5
(3 .918 )

1  1 6 . 0
(4.567)

1 3 6 . 3
(5 .367 )

1 5 2 . 8
(6.Or 6 l

' Ultimate curvrtut€s w6r€ obtain€d ttom momenl-curvetur€ anelvsis of coniineO sections
(Arl, = 16'1" + (A'), (Equotion 2-14)

Table 6-16 Calculated Total Ultimate Deflections for Rectangular Gotumn
Specimens Using Equivalent Plastic Hinge Approach

/, by Pardry rnd Pricrtlcyr /, by Bakodt

Specimcn

Shcar
Dirplaccmcnt

Adt

mm linl

Bond Slip
Dirplaccmcnt

4
mm lin)

Totrl
Ditplaccmcnt

4
mm linl

Rario ol
Gclculatod to

Mcarurcd
Displaccmcntr

Total
Dicplcccmcnt

4
mm linl

Rafio of
Crlculatcd to

Mearurod
Dirplaccmcntr

A 1 4 . 3  ( 0 . 1 7 1 1 22.6  {O.889} 1/14.8 (5.7001 1 . 2 0 154 .2  (6 .071 t 1 . 2 8

A2 4 .6  (0 .1791 13.6 to.534t 1 12.5 t4.430f 1 . 1 3 144.9 {5.706} 1 . 4 5

B1 3.6 {0.140) 3 6  ( 1 . 4 1 7 1 179.4 {7.O63t 1 . 1 2 187.8  (7 .393t 1 . 1 7

82 3 .7  t 0 ,146 t 21.5  {O.848t |  41  . 2  (5 .5611 1 . 1 5 1 7 8 . 1  ( 7 . 0 1 O ) 1 . 4 5

t
I
I
I
I
I
I
I
t
I
I
I
I
I
I
I
T

1 3 3



Table 6-17 Gonfinement Effect on Calculated Displacement Ductility

I
I
I
I
I
I
t
I
I
I
I
I
I

Analvrlr llo.

Arlcl Lord
lndor

P,/lf '. Arl

TL S.t Splclne
mm(h)

Llt rrt St .f Rttjo, A./ls h.l
Calcullt dor

Itthovld.d
Itor ddydrl

Rcqdrrd'
lroirmlcl

u,l-./A,ln?

1  (Sp .  A1 ) o . 1 0 1 1 0  ( 4 . 2 5 ) o.o0369 o.00633 0 . 5 8 6 .6

2 (Sp.  A2) o.24 1 10  t4 .25) 0.o0369 o.oo759 0.49 4 .9

3  (Sp .  81 ) o.o9 83 (3 .25) o.o0482 o.00628 o.78 LO

4 (Sp. 82) o.23 83 (3 .25) o.00482 o.00756 0.64 6 .O

C o . 1 0 1  10  (4 .25 ) 0 .00611 0.00633 0.97 11 .1

6 o . 1 0 83 (3.2s) 0,006'1 1 0.00637 0.96 1 l . l

- o .23 83 (3 .25) 0.00738 0.007s6 o.98 10.0

8 o.o9 83 (3 .25) 0 .0010 0.00628 1 . 5 9 1 5 . O

o o.23 83 (3 .2s) 0.o010 o.oo756 1 . 3 2 1  1 . 5

requirem6nt as pcr Equation i-2 (0.1 po = 11

Calculated ducfilitv brs€d on provided laloral steel and matorisl propeniss similar to thB tost specimens.

1 3 4
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I

Table 6-19 Calculated Flexural Deflections for Specimen LS

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Distgnce measurad to top ot fooring
Cenler ot gtavity ot cutvalur€ araa

lContinued on next pagel

S.cllon
Locatlont
mm llnl

Momanr
kll-m (l(lp.lnl

Curvduro
rad/m lnd/lnl

Rorrdon
.!d.

D|!ttnc. ot
C,G.r. lo Tog

ol Columo
mm llnl

Flrrunl
Drfr.cdon
mm (krl

G
.E
z
(o
d
I
z
I

N|',

d r l
Z !

r q
( J t

t !
o a

o
(o)

6 1 0 . 8
(5405)

o.o0304
{0.oooo773}

127
(51

578 .8
t5122\

o.00333
(o.oooo847) o.ooo4049 1942

(76.46)
o.79

(o.03096)

284
( 1 0 )

546 .8
(4839 )

o.o0362
(o.oo00919t o.ooo4415 1 8 1 5

171 .471
o.80

(o .03155)

38r
( 1  5 )

5 1 4 . 8
(45  56 )

o.o0389
(0.00009E7) o.ooo4765 1 688

(66 .47 )
0.80

(0 .o3167 )

737
|p9l

425.3
(3764)

o.o0486
(o.oo01234) o.0015547 1441

{56 .74 )
2.24

(o .08821)

1 092
{43)

3 3 5 . 8
129721

o.oo496
(0 .o001261) o.o017467 1  091

142.97l-
1 . 9 1

(0.07506)

r 295
( 5 1  )

284.6
( 2 5 1  9 )

o.o0465
(o .o001 181) o.ooo9770 8 1 4

(32 .04 )
0 .80

(o.o31 31 l

1 499
(59)

2 3 3 . 5
(2066)

o.oo393
to.oooo997) 0.0008714 612

124.111
o.53

(0 .02101)

1702
t67)

1 8 2 . 3
( 1 6 1 3 )

o.oo288
(o.oooo732) o.0006916 4 1 1

( 1 6 . 2 0 )
o.28

( 0 . o 1  1 2 1 )

2007
(79)

'r  05.5
t934)

o.oo1 12
(o.oooo284) o.0006092 1 7 5

(6 .88 )
o . 1 1

(o.oo419'

Toral @ Top of Column o.oo7774 8.26
(0 .3252 )

Total Dofl€ction along Acluator Canietline
1  1 . 5 2

(o.4535)

1 3 6



Table 6-19 lcont'dl calculated Flexural Deflections for specimen LS

I
I
I
I
I
t
I
I
T
I
I
I
I
I
I
I
I
I
T

Dislrnce melsured io top ot footing
Cenlor ol gravity ol curvEture oloa

lContinued on next pagel

Sostlon
Loc!ilon'
mm llnl

lllomcm
til-m (l(lp.lnl

Cwvatrna
nd/m lred/hl

Rotatlon
rld.

Dl.t.nca ot
C.G,rt to fop

of Column
mm (ln)

Flcrural
Doficctlon

mn lh)

?
.e
Y
q
ltt
9
a
t
oor

n | G {

d l l
Z !

c q
o E
r !
J 5

o
(o)

7 0 1 . 5
(6208)

0.oo385
(o.00009791

127
t 5 )

664.8
( s883 )

o.oo425
(o.oool 079) o.ooo5144 1942

(76.46,
1 .OO

(o.039331

254
(10 )

628 .1
{5558 )

o.oo466
(o.ooo1 r 84) 0.ooo5658 1 8 1 5

171 .461
1 . O 3

(o.o4044'

381
( 1 5 )

5 9 1 . 3
(52331

o.oo505
to.ooo1283) 0.0006r 68 1 688

(66.47)
1 .O4

(0.o4100)

737
(29)

488 .5
(4323)

o.oo683
(0.000r 735) o.oo21122 r  439

(56.65)
3.04

(o .1  1966 )

1092
t43)

385 .7
(341  3 )

o.oo627
(o.ooo1592l o.o023287 1 095

(43 .101
2 .55

t0 .10037 )

1  295
( 5 1 )

326.9
(2893)

o.oo569
{0.ooo1445) o .oo12r  47 8 1 4

(32.06t
o.99

to.o3895)
1 499
(591

268 .1
(2373 )

o.oo487
(o.ooor 236) o.o010724 6 1 2

(24 .10 )
o.66

(o.o2585)

1702
(67)

209.4
(1  853 )

o.oo364
{0.oooo925} o.ooo8645 411

{ 1 6 . 1 9 }
o.36

{o.or400}

2007
(791

121 .2
(1 073)

o.ool44
(0.00003671 o.oo07750 174

(6 .86 )
o . l 4

(o.oo532l

Total @ Top of Column o.o10065 ro.79
(o.4249)

Total Drtlcction Elong Actu8tor CGntcrline 1 5 . O 1
(o .5910 )

137



Table 6-19 lCont'dl Calculated Flexural Deflections for Specimen LS

6Ei ncihersutcd to lop of looting
' Centot of grevity of cutvature area

Revisad momGnt'curvatute rolationship

I
I
I
I
I
I
I
I
I
I
t
I
I

Socdon
Locltlon'
mm (hl

Momrnt
rN-m ll(lp-ln)

C|rTatua
nd/m lrrd/hl

Rotdon
nd.

D|tr.nc. ot
C.G.'r to lop

of Colurnn
mm lhl

Fbrual
D.ff.ctlon

mm (hl

I
t
t

sl
! l
a l

p1 d, I
d r  I

? !  I
o T
r t
3 5

o
(o)

834.4
(73E4)

o.o3547'
(o.ooo901)

3 8 1
(1  5)

703.3
t62241

0.07646'
(o.oo1942) o.o21320

1 793
{70.58}

38.22
(1 .50487t

6 1 0
t24l

624.7
(5528)

o.1 0807r
(o.oo2745) o .o210915

1 505
(59.24)

31 .74
11.249521

673
(26.5)

489.9
(4336)

o .1  0898 '
(o.oo2768) 0.00689l3

1 365
(53.75)

9 .41
t0.37039)

737
(29)

5 8 1 . O
( 5 1 4 2 )

0.1 0980
(o,o02789) 0.0069463

1 302
{ 5 1 . 2 5 }

9.04
(0 .35598 )

8()0
{ 3 1 . 5 )

r t o  1

(4948)
o.09244

(0.o02348) o.0064213
1 239

(48.79)
7 .96

(0 .313271

864
(34)

5 3 7 . 3
t4755)

0.o7563
(o.oo1 921 )

o.oo53363
1  1 7 6

{46,29)
6.27

1o.247021

1 092
(43)

458 .7
{4059)

o.o1122
(o.ooo285) o.oo99270

1  140
(44.90)

11.32
(0.44573)

1 295
1 5 1  )

388 .8
(3441 )

o.oo831
(o .oo0211) o.oo19840

8 1 8
(32.201

1 . 6 2
r0.06388)

1 499
(59)

3 1  8 . 9
12822'

o.00626
(o.ooo159) o.oor4800

6 1 4
(24 .  1  9 )

0 .91
(o.o3s80)

1702
(67)

249 .1
t2204t

o.oo476
{o.ooo121}

o,oo1 1200
411

{ 1 6 , 1 8 t
o.46

( o . o 1 8 1 2 )

20,07
(79)

144,2
t't2761

o.oo201
(o.oooo51) o.oo10320

173
( 6 . 8 1 )

0 . 1 8
(o.o0703)

Toral @ Top ol Column o.06223
1 1 6 . 3 ' l

( 4 . 5790 )

Total Defleaion along Actu.tor Cenietline
142.42

(5.607 1 )

1 3 8



Tabfe 6-20 Calculated Flexural Deflections for Specimen HS

I
I

Distance measurod lo lop of looting
center of grrvilv ot curvalul€ area

I
I
I
I
I
I
I
I
t
I
I
I
I

lContinued on next pagel

I
I
I
I

S.ctlon
Locatlonr
mm llnl

Momant
lll-m l(lp-lnl

C|rvltrn
rrd/m lrad/hl

Rotrtion
?!d.

Dlatlnc. of
C.E.tr to Top

of Golumn
mm (lrl

Flrrunl
Dclbctbn
mm llnl

3-
ID
r't
!
it
J

c{
; ! l

d !
= I

( , l

: t
3 - 3

o
(0)

793 .1
t7019 t

o.oo324
(o.oooo822t

127
(5 )

751  , 7
(6652)

o.oo354
(o.oooo899l o.0004303 1942

(76.46t
o.84

(o.o3290t

254
( 1 0 )

7 1 0 . 1
{62E4}

o.oo386
(o.ooo0980) o.ooo4696 1 8 1 5

(71  . 46 )
o.85

(o.033561

3 8 1
( 1 5 )

668 .6
( 5 9 1 7 )

o.oo420
(o.ooo1067) o.ooo5116 1 688

(66.46)
o.86

(o.o3401t

737
(29 )

552.3
(4888)

o.oo536
(o.ooo1362) 0.001 7003

'1441

(56 .72 )
2 .45

(o.o9644!

1 092
(43)

436 .1
(3859)

o.oo567
(o.ooo1441l o.oo19620 1 090

(42.93)
2 . 1 4

(o.o8424t

1 295
( 5 1 )

369.6
(32711

o.o0538
(o.oool367) o.oo1 1230 8r4

(32.04)
o.91

(o.o3598t

1 499
t59 )

303.2
(2683)

o.oo468
(o.oool 188) 0 .o01021 I 612

(24.O9)
o.63

(o.o24621

1702
(67)

236.7
(2095)

o.oo357
(o.0000907t o.0008379 411

( 1 6 . 1  8 )
o.34

(o.o1 3551

2007
(79)

1  37 . r
( 1 2 1 3 )

o.oo153
(o.00003891 o.0o07775 173

(6.80)
o . 1 3

(o.o0529)

Total @ Top ol Column o.008834 9 . 1 6
{o.3606)

Total Ostlection along Actuator Cemerline 12 .86
{o.50631

1 3 9



I
I
I
I

Table 6-20 lCont'dl Calculated Flexural Deflections for Specimen HS

lContinued on next pagel

I
I
I
I
I
I
I
I
t
I
I
t
I
I

Scalon
Locdlonf
mm llnl

Mornant
tN-m lxb.inl

C|rYatrrr
r.d/m Indrh)

Rotrdon
rld.

DLtlnc. ol
C.G.'r to Top

of Golumn
mm (lnl

Flcrurl
Doflocdon
mm llrl

a
.g
I
q

I
-
J

o
q | ' l
.,t I

= t
T O
- - J
( J l

T O
E ;

J J

o
(o)

938 .9
(8309)

o.oo416
(0.00010571

' t27
(5)

889.8
t78741

o.oo461
(o.oo01 172) o.ooo5573 1942

(76.46)
1 .08

(0 .042611

254
( 1 0 )

840.6
{7439)

o.oo510
t0.oo01296) o.ooo61 69 1 8 1 5

(71 .46 )

' 1  . 1 2
(o.04408)

381
( 1 5 )

7 9 1 . 5
(7004)

0.00557
(0.00014141 o.0006775 r  688

t66.46)
1 . ' 1 4

(o.04503)

737
t29)

653 ,8
{5786)

0.00785
(0.oo01994) o.oo23855 1438

(56,60)
3 .43

(o.135031

1 092
{43}

51 6 .2
(4568)

0.o0793
{0.oo02015t o.oo28062 1 092

(42.99)
3.06

(o .12063)

r  295
( 5 1 )

437.5
(3872)

o.oo696
(o.ooo1769) o.oor 5 r 36 8 1 5

(32.O9)
1 . 2 3

(o.048571

1 499
(59 )

358 .9
( 3 1 7 6 )

0.oo593
(0.000r 5061 o . o o 1 3 1 0 1 612

124.111
o.80

(0 .03158 '

1702
(67)

280.2
t2480)

o.oo461
{o.ooo1 170} 0.o010704

4 1 1
( 1 6 . 1 7 )

o.44
( 0 . o 1 7 3 1 )

2o,07
(79)

1 6 2 . 3
( 1 436)

o.o0206
(o.oooo523) o .oo lo155 1 7 2

(6 .761
o . 1 7

(o.oo687l

Tolal @ Top of Column o .o1  1953
12.49

(o .4917 )

Total Ooflection Elong Actuator Centerline
1 7 .50

(0.68891

meesured to top of footing
c.nl€r ot Irovity ot curvatute area

1 4 0



Tabfe 6-20 lcont'dl calculated Flexural Deflections for specimen HS

I
I
I
I
I
t
I
I
t
I
I
I
I
I
I
I
I
I
I

Srctlm
Locrdonr
mm llnl

Momam
ttl.m lXblnl

C|'vltr!
r.d/m Indrbt

Rot fidr
rld.

D|3tlnc. of
C.G.rr to Top

of Column
mm llnl

R.rtrd
Dclloctbn

nn (lol

?
A
t
q
oo
-
I
(c''

1 q r l

d l l
a !
- a
I E

o z
! 3
E E

o
(o)

1 0 5 7 . 6
(93591

o.o1508'
(o.oo0383t

3 8 1
n 5 )

8 9 1 . 5
{7889 )

o.06126'
10.oo1556) o .o145425 1778

(69.99)
25 .85

(1 .O1780 t

6 1 0
(24't

7 9 1 . 8
(7007)

o.o8894'
(o.oo22591 o . 0 1 7 1 6 7 5 1 504

(59 .22 )
25.82

( r .o1 6721
673

(26.5)
764.1
t6762 )

o.08976'
(0.oo2280, o.oo56738 1  365

(53 .75 )
7 .75

(o.30495t

737
(29)

736.4
{ 6 5 1 7 }

0.o9051'
ro.o02299) o.oo57238 1 302

( 5 r . 2 5 )
7.45

(o.29333r

800
( 3 1 . 5 )

708.7
G2721

o.09t06r
(o.o023131 o.oo57650 1  238

(48 .75 )
7 . 1 4

{o.28104}

864
(34)

6 8 1 . 1
160271

o.o9i 85r
t0.0023331 0.0o58075 1  175

(46.25)
6 .82

(o.268571

r 092
t43)

5 8 1 . 4
{ 6 1 4 5 )

0.or  138
to.ooo289) o.o1  17990 1 058

t 4 1 . 6 7 )
12 .49

(o.49166'

1  295
( 5 1  )

492.8
(4361 )

o.oo913
(o.oo02321 o.o020840 8 1 7

( 3 2 . 1 5 )
1 . 7 0

(o.o66991

I  499
(59 )

4 0 1 . 9
(3577 )

o.oo709
(o.ooo180l o.oo16480 6 1 4

t24 .17 \
1 . O 1

10.03983r

1702
(67)

3 1 5 , 6
Q7931

0.00543
(o.ooo138) o.001 2720 4',11

( 1 6 . 1 8 )
0.52

(o.02058t

2007
{79)

182.7
( 1 6 1 7 )

0,oo262
(0.000064r 0.001 21 20 1 7 1

(6 .73 )
o.21

(o.o0816t

Totel @ Top of Column o.o7270 96.76
(3.8096)

Total Dollcction along Acturtor Csnterline 127.28
(5 .O1 12)

Distance measured to top of footing
C€nter ol grrvity of curvatura lrGa
Rovis€d mom€nt-curvtturo relationship
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I

t
II Table 6-21 Galculated Unit Shear Stiffness for Flared Column Specimens

I
I
I
I
I
I

Scction Locrtionr
mm lin)

Unh Shcar Stiftno!.
lil/mm/mm lKip/ln/h)

0 (o) 182939 {41073}

127 l5l 170998 (383921

2 5 4  ( 1 0 ) 159783 (358741

3 8 1  ( 1 5 ) 149374 {33537t

737 t29l 124507 1279541

1092 (43) 106041 (238081

1  2 9 5  ( 5 1  ) 98273 1220641

1 4 9 9  ( 5 9 ) 92652 (20802)

1702 t67l 88982 (19978)

2007 t79l 87441 t196321
' Distance measured to top of footing

Speciman Lrtcral Load, kll lKbrl Shr.r Dcflcction, mm (inl

LS

252 t56.6) 4 .50  (0 .1771

290 (65.O1 5 .16  to .203 t

344 |.77.31 6.15 (0.242)

HS

327 t73.51 5.84 (0.230)

387 (87.O1 6.91 (0.272t

436 t98t 7.78 (O.3061

I Table 6-22 Calculated Shear Deflections for Flared Column Specimens

I
I
I
I
I
I
I
t
t
!
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I
ITabfe 6-23 calculated Bond slip Defrections for specimen LS

' Outermost tensile steel layer

Tabfe 6-24 calculated Bond slip Deflecions for Specimen HS

' Outermost tensilo steel layer

Tabfe 6-25 Calculated Lateral Deflections for Flared Column Specimens

' 0.75 lF).rl
t t 0.75 A" lCalculatedl

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
t

Latcral
Load, kN

(Klprl
€.'

ort
MPa
lKrll

Distrncc
ol Stcclf
to N.A.
mm linl

I
mm linl

h
mm (inl

l2
rm (inl

6,
mm (inl

q
rad

4
mm (inl

252
(s6.6) o.oo193 386

(56.0 t
633.5

Q4.9421
281

(1  1 .051
o.272

(o.o1o7l o.ooo43 1 . O 4
to.o41)

290
(65.01 0.o0248 438

( 6 3 . 5 )
646.4

(25.4501
3 1 8

( 1 2 . 5 3 1
o.348

(o .0137 ) o.ooo54 1 . 3 2
{o.052)

344
177.31

0.o2655 488
(70.81

748.5
(29 .4671

357
(14 .O51

39
( 1 . 5 2 1

3 1 8
( 1 2 . 5 3 1

0.820
(0.o323) o.oo110 2.67

(0.105)

Latcral
Load, kN

lKiprl
€r'

or'
MPa
lXril

Diat.ncc
of Stcclf
ro 1{.A.
mm lin)

I
mm llnl

h
mm linl

L
mm (inl

6/
mm linl

0,
rad

4
mm linl

327
(73.5t 0,00194 388

(56 .3 )
604.8

123.8121
282

( 1 1 . 1 2 t
0.274

(0 .01081o.ooo45 1 .09
(o.043l

387
(87.0) 0.o0256 438

( 6 3 . 5 )
6 1 5 . 7

124.2421
3 1 8

(12 .531
0.348

(o .01371o.ooo57
' t .37

(o.0541

436
(98.0) 0.01074 440

( 6 3 . 8 )
7 1 0 . 5

127.9731
320

(12 .591
z

{0.06)
3 1 8

t 1 2 . 5 3 )
o.356

(0.0140) 0.ooo50 1 .22
(0.0481

Spcdmcn

Latcral Load
kN lKlprl

Flcrurrl
Dcfcction, d

mm lln)

Shcar
Dcficctlon, A.,

mm 0nl

Bond Sllp
Dcfroctlm, A,

mm (inl

Totrl Dcficction
4

mm (lnl

LS

252  (56 .6 )  ' 1 1 . 5  ( O . 4 5 4 t 4 .5  tO .177 t 1 .O (O.O41 l 17.1 10.6721.

290 (65.0) 1  5 .0  l o .591 t 5.2 to.203t 1 .3  tO .O52) 21.5  (0 .846)

344 |'77.31 142.4 (5.6071 6.2 l0.242l 2 . 7  { O . 1 0 5 ) 1 5 1 . 2  ( 5 . 9 5 4 1

HS

327 173.51' 12.9 (O.sO6t 5.8 (0.2301 1.1 (0.O43t 1 9 . 8  ( 0 . 7 7 9 1 f  .

387 (87.01 17.5 t0.6891 6.9 (0.272t 1.4 {0.054} 25.8  (1 .015t

436 t98t 127 .3  (5 .01  1 t 7.8 (0.306) 1.2 (0.048) 136.3 {5.365}
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I
I
I

Table 6-26 Calculated Lateral Deflection Components for Flared Column
Specimens

Specimen Loading Stagc 4 / 4 , % A - / \ , % a , / 4 , %

LS
@ Yield 69.9 24.O 6 . 1

@ Ultimate 94.2 4 . 1 1 . 7

HS
@ Yield 67.9 26.8 R 2

@ Ultimate 93.4 5 .7 0.9

Table 6-27 Measured and Calculated Displacements for Flared Golumn Specimens

Specimcn

ilcarured Dirplaccmcnn-r Calculrtcd Ditplaccmcntr

4, -m
0nl

4". mm
lin) Pa

D*fr Rado
%

Ar, rm
linl

A' mm
finl Ita

Drlft Ratio
%

LS
22.7

(o.892)
172.6

t6 .797)
7 .6

22.7
(o.895)

1 5 1 . 2
(5 .954t 6 . 7 6 .2

HS
26.6

( 1 . O 4 8 )
1 5 9 . 2

(6 .266) 6 .0 6.6
26.4

( 1 . 0 3 9 )
136 .3

(5.3651 5 .2 5 .6
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Tabfe 6'28 Galculated Column Shear Capacity of Specimen LS - CALTRANS
Method

Scction
Locationf
mm (inl

v,
kN lKipal

V. , kll (Kips) %, kN lKlprl

t t t s 2 F a =  4 P a > 6 t 4<  2 l r a '  4 , r a > 6

o
(ol

490
( 1  1 0 . 0 )

602
( 1 3 5 . 1 )

602
( 1 3 5 . 1 1

602
( 1 3 5 . 1 )

1 092
(246 .11

1 092
(245 .11

1 092
1245.11

1 2 7
{5t

460
{  103.2}

571
1128.21

5 7 1
112A.2l

571
112A.2l

1 0 3 1
|231 .41

1 031
(231 .41

1 031
|231 .41

254
( 1 0 1

432
(96.9)

542
( 1 2 1 . 6 )

542
{ 1 2 1 . 6 }

542
(1  21  .61

974
( 2 1 8 . 5 1

974
{ 2 1 8 . 5 }

974
( 2 1 8 . 5 )

381
(1  5 )

406
( 9 1  . 1  )

5 1 5
( 1  1 5 . 7 )

4 8 1
( 1 0 8 . 0 1

414
(93.O1

921
(206.8)

487
( 1 9 9 . 1 1

820
( 1 8 4 . 1 1

737
(291

347
t77 .81

449
( 1 0 0 . 7 t

299
( 6 7 . 1 )

45
( 1 0 . 1 1

7 9 6
t 1 7 8 . 5 )

646
( 1 4 4 . 9 1

392
(87.9)

1 092
(431

302
(67.9)

400
(89.9t

334
(74 .9 )

267
{59.9 t

702
( 1 5 7 . 8 1

636
(142 .8 t

569
|.127.81

1295
( 5 1  I

286
(64.21

3 8 1
(85.6 t

348
178.21

3 1 5
t7o.7l

667
( 1 4 9 . 8 1

634
|.142.41

601
( 1 3 4 . 9 )

1 499
{59t

272
(61 .0 )

363
(81 .41

363
( 8 1 . 4 1

363
(81 .41

635
(142.41

635
1142.41

635
1142.4',

1702
(67t

262
(58.9)

357
(80.21

35'l
t80 .21

357
(80.2t

6 1 9
( 1 3 9 . 1 )

6 1 9
( 1 3 9 . 1 1

6 1 9
( 1 3 9 . 1 1

2007
(791

259
( 5 8 . 1  l

352
(79.O1

352
(79.01

352
(79.Ot

6 1 1
( 1 3 7 . 1 )

6 1 1
( 1  3 7 . 1 !

6 l 1
( 1 3 7 . 1 )

' Distance measured to top of tooting

I
t
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
t
I

1 4 5



I
I

I
r lable 6-29 Galculated Column Shear Capacity of Specimen LS - FHWA Method

I
I
I
I
I
I
I
I
I
I

Section
Locationr
mm (inl

Vrt '
kN (Klpll

ve
kN lKlprl

V. , fil lKipt! %, kN lKlprl

I t t s 2 I t a = 3 t4> 4 l r a 3 2 / a = 3 Ita> 4

o
(0t

848
{ 1 9 0 . 5 }

126
128.41

626
(140 .61

626
{140.6)

626
(140 .61

1 600
(359 .5 )

1600
(359.5t

1 600
(359 .5 )

1 2 7
(51

796
1178.71

126
(28.4)

590
{ 1 3 2 . 4 }

590
1132-41

590
( 1 3 2 . 4 1

1 5 1 2
{339.5)

1 5 1 2
(339.5 t

1  5 1 2
(339.51

254
(10 )

747
( 1 6 7 . 8 )

126
t28.41

555
(124.61

555
|'124.61

555
1124.61

1428
(320.8)

1428
(320.81

142A
{320.8}

3 8 1
( 1 5 1

702.8
( 1 5 7 . 8 )

1 2 6
QA.4l

524
( 1  1 7 . 6 1

488
(109.61

449
(100.9)

1  353
{303.8}

1 3 1 7
1295.9)

'1278

1287.11

737
(291

600.4
( 1 3 4 . 8 1

1 2 6
128.41

447
(1OO.4 l

301
(67.6t

1 5 3
(34.4t

1  1 7 3
( 2 6 3 . 6 )

1o27
(230.81

879
{ 1 9 7 . 6 )

1 092
(43t

524
( 1  1 7 . 6 )

126
{28.4}

391
187.71

327
173.41

263
(59 .1  l

1 0 4 1
t233.71

977
( 2 1 9 . 4 1

9 1 3
{ 2 0 5 . 1 }

1  2 9 5
( 5 1 1

495
( 1  1 1 . 2 )

126
128.41

367
182.41

339
{76.0)

306
(68.8t

988
t222.Ol

960
( 2 1 5 . 6 1

927
{208.4}

1 499
(591

471
( 1 0 5 . 7 )

'126

|2A.4l
350

(78 .5 )
350

(78.5t
350

{78.5)
947

|.212.61
947

1212.61
947

1212.61

1702
(67)

454
( 1 0 2 . 0 )

126
128.41

? 2 0

(76 .  1  )
339

(76 .11
339

(76 .1  l
9 1 9

(206.5)
9 1 9

(206.51
9 1 9

t206.5)

2007
{79}

448
|  100.6)

126
128.41

334
(74.9t

334
(74.9t

334
(74.9)

908
(203.91

908
(203.91

908
(203.9)

| 
:' 3:'sJ::T":"$""0'" 

ro' of rootins

I
I
t
I
I
I
I
I 
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Table 6-30 Calculated Column Shear Gapacity of Specimen HS - CALTRANS
Method

Scction
Locationr
mm linl

v,
kN (Kipr)

V.. kN (Kipcl V,, kN (Kipal

ttr, s 2 t h = 4 / a > 6 I t a s 2 U a =  4 r r a > 6
0
to)

490
( 1 1 0 . 0 )

6 1 1
( 1 3 7 . 1 )

6 1 1
( 1 3 7 . 1 1

6 1 1
( 1 3 7 . 1  l

1  1 0 1
1 2 4 7 . 1 1

1  1 0 1
1247.11

1  1 0 1
1 2 4 7 . 1 1

1 2 7
(5 '

460
( 1 0 3 . 2 )

579
( 1 3 0 . 1 )

579
( 1 3 0 . 1 )

579
1 1 3 0 . 1 t

1 039
(233.3t

1 039
(233.3)

1039
(233.31

254
( 1 0 1

432
(96.9)

550
( 1 2 3 . 5 )

550
( 1 2 3 . 5 1

550
(123 .51

982
Q20 .11

982
1220.41

982
1220.41

381
( 1 5 1

406
( 9 1  . 1 1

524
( 1  1 7 . 6 1

485
( 1 0 9 . O l

417
t93.71

930
(208.71

891
{200.1}

823
(184 .8 )

737
t29l

347
(77.81

457
{102 .6 }

305
(68.4t

46
( 1 0 . 3 )

804
( 1 8 0 . 4 )

652
1146 .2 !

393
(88 .11

1 092
(43)

302
(67.91

409
( 9 1 . 8 )

341
( 7 6 . 5 t

273
(61 .2 )

7 1 1
( 1 5 9 . 7 1

643
(144.41

575
( 1 2 9 . 1 1

1 295
151  I

286
(64.2)

389
(87.4)

358
(80.3)

323
t72.61

675
( 1 5 1  . 6 )

644
{  144.51

609
( 1 3 6 . 8 )

1 499
ts9)

272
(61 .0 t

374
(84.01

374
(84.O1

374
(84.O1

646
(  145.01

646
( 1 4 5 . O t

646
(145.O1

1702
(67)

262
(58.9)

366
{ 8 2 . 1 }

366
( 8 2 . 1 1

366
{ 8 2 . 1 }

628
( 1 4 1 . 0 1

628
( 1 4 1  . O l

628
( 1 4 1 . 0 1

2007
(79t

259
( 5 8 . 1 )

360
(80.9)

360
t80.9t

360
(80.91

6 1 9
( 1 3 9 . 0 )

6 1 9
( 1 3 9 . 0 1

6 1 9
( 1 3 9 . O )

' Dislance measured to top of footing

I
I
I
I
I
I
I
I
t
I
I
I
I
T
I
I
I
I
I
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I
I Table 6-31 Calculated Column Shear Capacity of Specimen HS - FHWA Method

I
I
I
I
I
I
I
I

I
I
I
I
I
I
I

Soction
Locationf
mm (inl

Vrt '
lN (Kips)

vP
kN (Kipr)

V. . kI{ lKips) V" , kN (Xlpr)

Ito,3 2 I t a = 3 P o > 4 I t r 3 2 I t a = 3 I t a > 4

o
(o)

848
( 1 9 0 . 5 1

143
(32.0)

626
( 1 4 0 . 6 1

626
(140.61

626
{140.6}

1 6 1 7
( 3 6 3 , 1 l

1617
( 3 6 3 . 1 )

1 6 1 7
( 3 6 3 . 1 1

1 2 7
( 5 t

796
l ' t78.71

143
(32.Ot

5 9 0
(132.41

590
1132.41

590
1132.4',

1  529
( 3 4 3 . 1 1

1 529
( 3 4 3 . 1 )

1 529
( 3 4 3 . 1 1

254
( 1 0 )

747
( 1  6 7 . 8 1

143
(32.01

5 5 5
{ 1 2 4 . 6 1

5 5 5
1124.61

R E R

( 1 2 4 . 6 )
1445

(324.41
1445

|.324.41
1445

1324.41

381
( 1 5 )

702.8
(1  57 .8 )

1 4 3
(32.O)

524
( 1  1 7 . 6 1

488
( 1 0 9 . 6 )

449
(  100 .91

1 370
(307.4)

1 370
(299.5)

1 370
1290.71

737
(29t

600.4
( 1 3 4 . 8 1

143
(32.O1

447
(1OO.4t

301
(67.6 t

1 E ?

(34 .4 t
1  1 9 0

Q67.21
1044

1234.4'
896

t201 .21

I o92
{43t

524
( 1  1 7 . 6 1

1 4 3
(32.O)

3 9 1
187.71

327
173.41

263
( 5 9 . 1 )

1 058
t237.31

994
t223.Ol

930
1208.71

1 295
( 5 1  l

4 9 5
t 1 1 1  . 2 1

1 4 3
(32.O1

367
182.41

339
(76.01

306
(68.8)

1 005
t225.61

977
t219.21

944
1212.O't

1 499
(s9)

471
( 1 0 5 . 7 )

143
(32.Ot

350
(78 .51

350
(78.51

350
(78 .5 )

964
1216.21

964
(216.21

964
1216.21

1702
(67)

454
( 1 0 2 . O )

1 4 3
(32.0)

339
( 7 6 . 1 1

339
(76 .1 )

339
(76 .1  l

936
( 2 1  0 . 1  )

936
{ 2 1  0 . 1  }

936
( 2 1 0 . 1 t

2007
(79)

448
( 1 0 0 . 6 )

1 4 3
(32.0)

334
(74.9)

334
174.91

334
(74.9)

925
1207.51

925
{207.5)

925
(207.s1

I Distance measured ro top of looting
I  t r  Based on  0  =  30"

I

I Table 6-92 Comparison of Catculated and Estimated Shear Capacity of Flared
r Column Specimens

Specimcn

Ertimatcdr Shcar Ccpacfty
kN (Klps)

Retio of Ertimatcd to Cdcuhtcd Shccr Capacity

Uring CALTRAilS Mcthod Udng FHWAC ' Method

LS 521 1117], 1 . 3 3 0.83

HS 5 6 1  ( 1 2 6 t 1 . 4 3 o.87
measured strains in lateral measured lateral and

'  Based on 0 = 45"
Based on sleel, measured lateral loads,

1 4 8
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Figure 1'1 $hear Failure in tho Columns o{ Mission & Gothic Undercrossing

Figurr 'l -Z Cross Section of the Exarnple Column
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Figure 2-1 Moment-Curvature of R/C Cross Sections

Stroin €c

Figwe 2-2 Eflect of Confinement on Strength and Ductility of Concrete
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€i = 0.002 €u €s

Figure 2-3 The Kent & Park Model for Unconfined Concrete

€lc = O.OO2 K €cu €s

Figure 2-4 The Modified Kent & Park Model for Confined Goncrete
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€1,

Figure 2-5 The Mander et al. Model for Gonfined Concrete

Figure 2-6 Steel Stress-Strain Tri-Linear Model

4, €6

€su €e
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Figure 2-7 Lateral Deflection of the Cantilever Column

Figure 2-8 Bending Moment and ldealized Curvature at Yield
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Curvoture

Flexurol
Deflection

Figure 2-9 ldealized Flexural Deflection and Curvature at Ultimate

Bond Slip .stresses Stroins

Figure 2-1O Bond Slip of Developed Bars
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cross section stroin Prolite sfress profire sfress profite
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Concrete Concrete

Figure 2-11 Cross Section under Axial Load and Bending
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Figure 3-1 Typical calumns with strucrural Flaras in Nevada Bridges

Figure 3"2 $chematic Plan o{ Bridge l"1SS2
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Figur* 3-3 $chematic Elevation of Eridge l-1952 Benrs
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Figure 3-4 Typical Column Derails in Bridge l-19S2
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Figure 3-5 Schematic Plan of Bridge l-1949
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Figr-rre S-33 Plastic Hinge in Specimen S1 at the End ol the Tesl
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Figure 5-49 Measured Lateral Load-Strain in Transverse Steel of Specimen
82 at 1.625" above Footing
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Figure 5-63 Measured Lateral Load-strain Hysteresis in Longitudinal Steel of

SPecimen LS at 29" above Footing
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Figure 5-64 Measured Lateral Load-strain Hysteresis in Longitudinal Steel of

SPecimen LS at 43" above Footing
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Figure 5-66 Measured Lateral Load-Strain Hysteresis in Longitudinal Steel of
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Figure 5-65 Measured Lateral Load-strain Hysteresis in Longitudinal steel of
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Figure 5,67 Measured Lateral Load'strain Hysteresis in Longitudinal steel of

SPecimen LS at 4" inside Footing
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APPENDIX A

COMPUTER PROGRAM RCMC

A.1 Listing of RCMC

/ / T l | i s P r o g r a m c a f c u l a t e a t h e m o m e n t - c u r v a t u r e o f c i r c u ] ' a r a n d n o n - c i r c u l a r c o n c r e t e
/ /  sect ions.  The lnput  data needed 

:?-*  
the program are:

/  /  (1)  mater ia '  nt i i ] t t t t ! -o i - t " ' "o ' ' t i t ' tJ  
ana ctnf ined concrete '  and steel

/  /  (2)  conf ined concrete mooel

/  /  (3)  sect ion geometry

,,,, 
l : l  i l : :"1!'3li l"r.n reduction facror to model behavior of concrete in ffexure

,// PREPROCESSOR DIREETIVES

# inc l ude  < i oE t ream 'h>

#incfude <iomaniP'h>

# inc l u< ie  <con io -h>

{ i nc l ude  < f s t r eam 'h>

$ inc l ude  <s td i o .h>

S inc fude  <ma th .h>

S inc l ude  <P rocess .h>

# inc fude  <cons t rea .h>

# inc l ude  <s t r i ng .h>

* i nc l ude  <s td l i b . h>

f i nc l ude  <c tYPe .h>

// FUNCTION PROTOTYPES

doubfe interpolate(double x1,  double X2, doubfe Y1'  double Y2'

d o u b l e  X ) ;

double UnconstresBstra in (double Stra in)  ;

double confstressstra in(double Stra in)  ;

doub le  S tee l s t r esss t ra i n  ( doub le  Sc ra i n )  ;

double c i r -seg-Area(double Radius,  doubfe AJ'pha) ;

double c i r -seg-Y(double Radius,  double Alpha) ;

woid steel  Force-Mom(double &Steel-F,  double &Steel- l i l ,

i n t  &S tee l_Fa i1 )  ;
void conc_Force_Mom(double &conc_F, doubfe &conc_M, int &conc-Fax1) t

void Display_Ti t le-Screen (  )  ;
vo i d  Check - I n tege r  ( i n t  & In tege r l npu t ,  i n t  &Va l i d i t y ) ;

woid Check-Real  (double &Real ,  int  &val ' id i ty) t

int ConfconcNo, StTyPeNo, Numconclay, Numsttay, Count, ConcFailure,

SteeIFai lure,  NutnAxiaLLoad, counter ,  k ,  m, VaI id,  val id i ty ;

i n t  con fTypeNo t20 l ,  s t l ayType t3o l ,  Y i e l d i ng [20 ] ,  Ha rden ing [20 ]  ;
char ConcModel ,  Confstatug,  Sect ion,  Axia lPstatus,  RevAnswe!,  Replace;

cha r  T i t l e  [ 71 ]  ;
char *OutFi fe="garbage, ' ,  t ln tStr ing=r 'garbage",  rRealStr ing="garbage";

double Unconstreng,  Unconstra in,  unconul tst ra in,

Sect ionArea,  SteefArea,  SteelRat io,  ConclayArea,  ModRat io,

TrstArea, TrStAY, AreaTrst, ConclayY, ConcLayAY, SumConcAY, PlCenHt,

SumTrStAY, Temp, ConcForce,  SteelForce,  SecEionstra in,

Concstress,  Steefstress,  Total 'Force,  LaatForce,  Laetstra in,

str_At_P, F1e:<Mu1t,  NominalTen, Nominalcomp, sect ionDepth,

Y_NA, Curv, ConcMom, SteelMom, Topstrain' Eotstrain, LaBt-Y-NA,

sect ionForce,  sect ionMom, In i t ia l ,Force,  In i t iaIMom, Ststra in,

Y_Ult ,  L imi t ,  Inctement,  TemPForce,  TemPMom, TemPconcForce'

TempsteelForce,  Tempcurv,  In i t iaIY-NA;

conat doubfe PI  = 3,1415921;

double confStreng [3!  ,  ConfStra in [3]  ,  Conful tStra in [3]  '  Yie ldStreng [3]  ,
t 4 _ O _ E t 3 l ,  S t r a i n H a r d t 3 l ,  U l t s t r e s s [ 3 ] ,  U l t s t r a i n [ 3 ]  .
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lnnerDia [20] , outerDia t20l ' ":?l: 
t2ol ' LavHt !'91 ' T:-TPu"vHt 

[20] '

eeswdt20l ' 
"'uiii i 't i l-itu"v"t 

t3or :";;;nreatsol ' AxialP[8] ;

// MAIN FUNCTION SECTION

wo id  ma ino

{
c l r s c r ( ) ;
P;.sPf"V-fit1e-Screen 

( ) ;

ofst ream outPut;

// ENTAR OUTPUT FIIJE NAME A}iID OPEN OUTPUT FILE

do // wurl'E o*"t#'"ii" 
"*" 

8"1f1:-|t DoN'r wAI{r ro REPLAcE

// OR IF INPUT FII,E NAITIE IS ILLEGAL

i

V a l i d  -  1 ;

cout  << n\nEnter output  f i l 'e  name: " ;

g e t s ( o u t F i l e ) ;

i f  (SITICN.O,, .P,11g) > 12) / /  CHECX FOR LENGTH OF FILE NAME & EXTENSION

It  
r ] 1 e g a 1  f i l e  n a m e ! \ n "cout  <<' \n\n\arr^re:Jr^1,# ' : ;? ; ! i ,  

"n"r . " ters\n, '<< "Fi le name shoufd not  exceel

. .  "Extensi ; ;  
( ; ; ; ; " t1)  should not  exceed 3 characters\n"

<< , 'TRy AGAfN\n";

v a l i d  =  0 ;

cont inue;

)

iNt NUMDOT = O ' / / CHFjCK FOR NWBER OF DOTS IN FII'E NAI4E

fo r  ( coun t  =  0 ;  Coun t  <  s t r l en (Ou tF i l e ) ;  ++Coun t )

t

i f  (Ou tF i l e  l coun t ]  ==  '  '  ' )

N u m D o t - N u m D o t + 1 ;
I

i i  (numoot t  l )

{
cou t  <<  i \ n \ n \a I11ega1  f i l e  name t  lRY  AGAIN \n " ;

v a l i d  =  0 ;

continue t

)

in t  F i lecharNum = 0;

for(Count = 0;  Count < str len(OutFi le) ;  ++Count)  / /  eKEeK FOR FIIJE NAME

// LENGTH

(
i f  ( o u t F i l e t c o u n t l  ! = ' ' ' )

F i lecharNum = Fi l 'eCharNum + 1;

e l s e
b reak ;

)
i f (F i lecharNum < 1 |  |  F i fecharNum >

t
cou t  <<  r \ n \n \a l 1 l ega1  f i l e  name t

V a 1 i d  =  0 ;

cont lnue;

)

8 )

TRY AGAIN\N";

int ExtcharNum; / / cttscx FoR LENGTH OF EXTENSION NA!4E

ExtcharNum = str len(outFi le)  -Pi leCharNum - 1;

if (ExtCharNun > 3)

i
cout << r \n\n\a l l legat  f i le  narne!  TRY AGAIN\n";

Va f i d  =  0 ;
cont lnue, '

l
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for  (count E o;  count <

{
i f  (OutF i te  lCount ]  ==
-  

t l  (ou tF i le lcount l

i  i  (outFife lcount]

i  i  (outFire lcount]

i  i  (outFi le lcount]
v a l i d  =  1 ;

st ! ]en(OutFi le)  ;  ++Count)

>=  , * ,  &&  Ou tF i l e lCoun t l

,= ' i ,  '  && OutFi fe lCount]

1=  'Q '  &&  ou tF i l e  l coun t ]

>=  t@ '  &&  Ou tF i f e l coun t l

/ / EHECK FOR LEGAI

// CHARACTERS

< =  ' ) , )

< =  '  .  ' )

< =  '  
;  

t )

. =  '  )  ' )  )

e l se

t . o r ra  
. .  " \ n \ n \a r l l ega l  

f i l e  name !  TRY  AGArN \n " ;

u ' t 1 i 6  -  0 ;

b reak ;

)
\

, 11 .7 .116  ==  o )

cont lnue;

ou rpu t . open (ou tF i I e ,  
j ' o s : : no rep lace )  '  / /  CHECK IF  F ILE  EX ISTS

if (output) // lF F:-:t'E DOES NOT EXIST' EXIT DO ]'OOP AlilD COMIINUE

break ;

i f  ( l ouEPu t )  / /  I F  F ILE  EX ISTS

{
c e r r  < <  n \ n \ a F i l e  e x i s t s ! " ;

do / / mHII'E "Replace" EMIRY IS NOT VAIID

I

l o r a . .  " \ n D o  y o u  w a n t  t o  r e p l a c e  e x i s t i n g  f i l e ?  ( Y / N ) :  r r ;

c i n  >>  ReP lace ;
i f ( R e P l a c e  ! E  r Y '  & &  R e P f a c e  ! =  ' Y '

e a  i e P l a c e  ! =  ' N '  & &  R e P l a c e  ! =  I n r )

cout  << r \n\aINVAfID ENTRY ! ! l  TRY AGAIN\n";

) // eltp LooP FoR "Replace" ENTRY

w h i l e  ( R e p l a c e  ! = ' Y ' & &  R e P l ' a c e  ! - ' Y '

& &  R e p l a c e  ! =  ' N t  & &  R e p l a c e  ! =  I n r ) ;

i f ( R e p l a c e = - ' Y ' | | R e p t a c e = = ' y ' ) / / T F R E P I , A C I N G E X I S T I N G F I ] , E

{
output .oPen(outFi le,  los: : t runc) ,  / /  1PEN AI\ ID REPL,ACE EXIST]NG FILE

break; // BXIT MAIN 'DOn LOOP

)
|  / /  wa oF nrFi l  FrLE EXTSTS

) // slo oF !4ArN DO LoOP

wh i l e  (Rep136g  ==  'N '  |  |  nep lace  ==  ' n '  |  |  va l i d  ==  0 ) ;

// ENTER DATA

/  /  - - - - - - - - - -

c l r sc r  (  )  ;

,// ENTER PROBLEI4 TITLE

cou t  <<  " \ nEn te r  p rob lem t i t l e  ( up  t o  ?0  cha rac te r s ) : \ n " ;

ge t s  (T i t l e )  ;

/  /  t  r  r  t r r +  l l t t l * t t t * * * * t t * * l i l t t

/,/ CONFINED CONCRETE PROPERTIES

/  /  
t a a * t r r t  r t i + t t t t t i r r t * t * t * i t *

do / , /  whi le entered values need to be revi 'sed

I
c l r sc r  O  ;
cou t  <<  n \n \n \n r * * r r l r r  *  r r  *  r * r * * t t r r * i t r r r r r i t r t r  n  /  /  EC I IO  T IT ITE

<< " \nEnter Conf ined concrete Propert ies"
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I
I

<  <  r r  \ t 1 r  
*  t  r  *  *  *  *  i  i  *  t  t  t  t  a  *  *  t  t  t  *  i  t  t * t  t  *  t  a  r r  r  \ n I  ;

do

t number of  conf ined concrete t lPes (3 max') r  " ;

cout  << " \n\nEnter
oe t s  ( I n t s t r i ng )  ;

K: : ; - ; ; ; ; ; - . '1co"tc"" 'No'  
val id i ty)  ;

i f  (Va l i d i t y  cG  l

{  
t  I  I  con f  concNo  >  3 )  ^ v  r ^ r rN \nn ,

if (confconcNo' <' 
;"*i-;;;-;rxrsrDE RNiIGE! ! ! TRY AGArN\n" '

cou t  <<  r \ n \n \

)

l n r r .  , ( c o n f c o n c N o ' 1  l l  c o n f c o n c N o  >  3 )  l l  v a l i d i t y  = =  2 l ;

COUNT = O; // INITIATE EOUNTER FOR THE LOOP

., t i l .  (Contt t  < ConfconcNo)

t
cout  << i l \n \nproper r ies  o f  con f  ined  

: : l - " - t - " - : :T - " - - " , ;< "  

( '<<count+ l<<r ' )  "

. <  " \ n -

dc

{  ^^ - r l  nar !  concre te  s t rength  ( in  ps i )  ;  "  ;' "ou t  
. .  ' \n \ tEnter  conf ined conc le

g e t s  ( R e a I S t r i n q )  ;

, i i " " * - * " t t  
(co i fs t reng Icount ] ' va l id i t y )  ;

w h i L e ( v a l i d i t Y  - =  2 ) ;

do

i
cou t  <<  r \ n \ tEn te r  s t r a i n  a t

ge t s  (Rea lS t r i ng )  ;

6heck-Rea1 (conf  st ra in ICount]

)
whi le (Val id i tY == 2 )  ;

oo
I

l o ra  . .  u \ n \ tEn te r  u l t i r na te  s t r a i n  o f  con f i ned  conc re l e :  " t

ge t s  (Rea l s t r i ng )  ;

i t r eck -Rea l  (Con fu l t s t r a i n tCoun t l , va l i d i t y )  ;

)
w h i l e ( v a l ' i d i t Y  = =  2 ) ;

++Count;
\

/ / SALEC.-I CONFINED CONCRETE MODEL

cout << n\n\nsel 'ect  conf ined concrete model"

< <  t ' \ n - - - - -

do
I

cout  << " \n\EEnter M for  Mander et  af '  modelr '

<< " \n\ tEnter  K for  modi f ied Kent & Park model \n" ;

c in >> ConcModel ;
i f  ( (ConcMode l  t =  ' ! 4 '  &&  ConcMode f  ! =  'm ' )  &&

( C o n c M o d e l  ! =  ' K '  & &  C o n c M o d e l  ! =  ' k ' ) )

cout  << ' \n\aINVA!ID ENTRY ! ! !  TRY AGAIN\n' ' ;

)
gh i f e  ( (ConcMode l  ! =  'M '  &&  ConcMode l  ! =  ' n ' )  &&

( C o n c M o d e l  l =  r K '  & &  C o n c M o d e l  t =  ' k ' ) ) ;

do // PROMPT FOR RE\/ANSWET AND CHECK AI{SWER VALIDITY

I

iorra . .  " \nDo you rdant  to reviEe conf ined conclete Propert ies? (Y/N) :  " ;

cin >> RevAnswer;
i f  (RevAnswer  ! = rY '  &&  RevAnsne r  ! = r y '

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

conf ined strength:

, V a l i d i t Y ) ;
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&& RevAns{er  '= rN '  && RevAt lswer  != 'n r )

cout << r\n\arlwAlro 
TT::.;t 

TRY AGArN\n" t

) // END oF RevAnshrer vrurYr"

l n ' i i . - - i * . t *swer  != 'Y '  && RevAnswer  != 'y '

&& RevAnsvrer  != 'Nr  && Rev lv lswer  != 'n ' ) ;

) // END oF "do" wHrLE REvrsIoN rs REOUTRED

whi le  (RevAnswer  == 'Y '  l l  RevAnswer  == ry ' ) ;

f  f  
.  t  1 t r ,  r r ' * t * t t t i t t * + t ' t a t t * * * *

il*"o"tt""D coNcRErE PR.PERTTES
' f '  

f  t *  r  r a t r a * l i * t l t t * t t * t t t i t t i t t t

do / /  whi le entered walues need to be revised

{
c l r s c r 0 ;  * * * r r t r r t r t r t r r r t r r n  / /  E C H O  T I T T E

C O U t  < <  n \ n \ n r t { r r t r + t t t * t t t t t * * * t t t t t

<<  " \nEnter  unconf ined concre te  Proper t ies"

< <  n \ n t r r * * * r t t * t t t * t i t * t t t i t t * t * t r t r r r r r i \ n r r  ;

do

i
cou t  <<  ( \ n \ tEn te r  conc re te  E t rengeh  ( i n  Ps i ) :  " ;

ge t s  (Rea lS t r i ng )  ;

. i f r ecx -Rea l  
( uncons t reng ' va l i d i t y )  ;

l

w h i L e ( V a l i d i t Y  = =  2 ) ;

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

do
I

cou t  <<  " \ n \ tEn te r  s t r a i n  a t  conc re t€  s t r eng th :  " ;

gets (Reaf Str j 'ng)  ;
check -Rea l  (Uncons t ra i n , vaL id i t y )  ;

)
v r h i f e ( v a 1 i d i t Y  = =  2 ) ;

do

{
cou t  <<  ' \ n \ t nn te r  u l t ima te  s t r a i n :  " , -
gets (RealStr i .ng) ;
check -Rea1  (unconu l cs t r a i n ,Va l i d i t y )  ;

)
w h l l e ( v a l i d i t Y  = =  2 ) ;

dO // PROMPT FOR RE.!'ANSWET A}iID CHECK AI{SWER VAIIDTTY

{
cout << , ' \nDo you want to revise Unconf ined Concrete ProPert ies? (Y/N) :  " ;
cin >> RevAnErder;
i f  (RevAnsw€ !  ! = 'Y '  &&  RevAns r , r e r  ! = ' y '

&&  RevAnsv te r  ! = 'N '  &&  RevAns te r  l = ' n ' )
cOUt << ''\N\AITWALID ENTRY ! ! ! TRY AGAIN\N.,;

I t t sND OF RevAnswer VALIDITIr
l rh i le (RevAnsrder != 'Y '  && RevAnswer != 'y '

&&  RevAnswer  ! - 'N '  &&  RevAr r swe !  l = ' n ' ) ;

) ll aND oF "do" lfHrLE RgvrsroN rs REQUTRED
wh i l e  (RevAnswer  ==  'Y '  l l  RevAnswes  ==  ' y ' ) ;

/  / . t a * r r r J t  
* * * t i t t

/ /STEEL PROPERTIES
/  / r t t t r a r r ,  * * * t t t t

do / /  whi le entered val .ues need to be revised

{
clrscr ( ) ,.
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I

// ECHO TITI,E

'" '" 
:: :\:)::";-;;""i "'op"""""
: :  ; | i l : : : : * I I i " r " ' *11** r \n "  ;

do

{ - . rmber of  steel  types (3 max')  :  "  t

cout  << n\nEnter nr

qetB (htst l ing)  ;

K::tl-;;;;;. '1str1P"'oo' 
varidit ') ;

i f  ( V a l i d i t y  = =  L l

"'"":".'Tt\:',;,,:"ll-i'ff;H.;";' 
*o" "' 

rRY AGArN\n" ;

)
)
wh i l e  ( s tTYPeNo  <  1  l l  s t r l peNo  '  3  l l  va l i d i t y  -=2 ) ;

Count = 0;

ii:.ii t"""ttt < scr)PeNo)
{

c o u t  < <  n \ n \ n P r o P e r t i e s  o f  s t e e l  T y p e  i l  < <  i l 1 "  ' a g g s n ! + l < < " ) "

< <  t ' \ n -  -

do

{ "o r ra  
. .  i l \ n \ lEn te r  y i e l d  s t r eng th  ( i n  ps i ) :  " ;

qe t s  (Rea fS t r i ng )  ;

: ; . ; ; ; . ; i  (Y i ; l d s t r ene  I coun t ] ' va l i d i t v )  ;

I

w h i l e ( v a l i d i t Y  = =  2 ) ;

do

t
cou t  <<  " \ n \ tEn te r  modu fus  o f  eLas t i c i t y  ( i n  ps i ) :

ge t s  (Rea l s t r i ng )  ;

i i " .X -n " . f  (M -o -E  I coun t ] ' va l i d i t y )  ;

)
uhi le (Val id i t 'Y == 2\  ;

do

t
couts << t r \n\ tBnter  st ra in aE

gets (ReafStr ing) ;

6freck-neal ( StrainHard Icount]

l
wh i l e ( va l i d i tY  ==  2 l ;

cout  << t r \n\ tEnter  u l t imate

ge ta  (Rea l s t r i ng )  ;
iheck-neal '  (Ul tst ress lCount]

l
w h i l e ( V a l i d i t Y  - -  2 ) ;

oo

cout << r\n\tEnter strain at

geEa (ReaIStr ing ) ;

. iheck-Real (Uf tstrain Icount]

l
w h i l e ( V a l i d i t Y  = =  2 ) ;

I
I
I

I
I

beginning of  atra in hardening:

, V a l i d i t Y ) ;

s t r e s s  ( i n  P s i ) :  " ;

, v a l i d i t y ) ;

u l t imate  s t ress :

, V a l i d i t y ) ;

RevAnswer AND CI{ECK A}ilSrrER VALIDITY

want to revise steel  ProPert ies? (Y/N) :  " ;

I
I
I
I
I
I

I
I

++Count;

)
do // PRO'PT FOR

{
cout << "\nDo You
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cin >> RevAnswer t

ii",".'*',": -:.:-", =ii,.::T::il";.,t, -, ",,
"o'tu..*iifiilfi*il'",oii't 

i '' rRY AGArN\n" ;

l-i7-"* oF RevAnsrder vALrDrrY

in't i.- ' i*."*swer !='Y' && RevAnsuer !='y'

&& Revl \nswet f  = 'Nr && gtn '55r l |sa l= 'n ' )

) // eND oF "do' WHILE REVTSION IS REQUIRED

wh i l e  (RevAn" r " t  ==  l * '  l l  RevAnswer  ==  ' y ' ) ;

|  /  r  t  * t a , ' r  * t t t t r t t * t t t * t t * t r
'/ '/WRTTE 

INPUT TO OUTPUT FILE
'  

/ -  /  
t t t .  a  r  t t  a t t t r t * i l * * l t l * t i *

o u t p u t  < <  " T i t 1 e :  "  < <  T i t l e  < <  " \ n \ n " ;

caEe '1 "1  '  :

c a 8 e  r m '  :

ou tPut  << " t4od i f ied
break;
c a s e  ' K ' , :

c a s e  ' k '  :

output  << "Modi f ied
break;

)
o u t p u t  < <  s e t w ( 5 )  < <

< <  s e t w ( 2 0 )  < <

< <  s e t w ( 2 0 )  < <

< <  s e t w ( 2 0 )  < <

< <  s e t w ( 6 )  < <

< <  s e t w ( 2 0 )  < <

< <  s e t l r ( 2 0 )  < <

< <  s e t w ( 2 0 )  < <

Mander \n \n" ;

Kent and Park\n\n", '

u rype "
"s t rength  (ps i )  "
"s t ra in  a t  S t rength '

"U l t imate  St ra in \n"

n - - - - - - - - - - - - - - t r

I
t
I
I
I
t
I
I
I
I
I
I
I
I
I
I
I
I
I

outPut

output
ouEPut

. .  u \ t \ t \ t r t t a t l l * * * r t t r ) t * t * r r r ' \ n r l

.<  , \ t \ t \ tT  I4ATERIAT,  PROPERT]ES J \N"

< <  " \ t \ ! \ t r t t * t t t t t t l t t + t t t t t t t t t \ n \ n \ n "  
;

< <  " U N C O N F I N E D  C O N C R E T E \ n "  < <  = - - = = = = - = \ n \ n " ;

< <  s e t w ( 2 0 )  . <  " s t r e n g t h  
( p 6 i ) "

< <  s e t w ( 2 0 )  < <  t ' s t r a i n  a t  s t r e n g t h r l

< <  s e t w ( 2 0 )  < <  I ' U l t i m a t e  s t r a i n \ n "

< <  s e t w ( 2 0 )  < <  n - - - - - - - - - - - - - - i l

< - <  s e t w ( 2 0 )  < <  t t - -

< <  s e t w ( 2 O )  < <  - - - \ n "

<<  se tw (15 )  <<  Uncons t reng

<<  se tw (18 )  <<  se tp rec i s i on (4 )  <<  Uncons t ra l n

<<  se tu (21 )  <<  Unconu l t s t r a i n  <<  ' 1n \n \n \n " ;

output  << "CONFINED CONCRETE\DI << r '==== ==\n\n"

<<  " con f i nemen t  Mode1 :  " ;

swi tch (concModel)
l

Count = 0,'
uhile (count < confconcNo)

{
ou tpu t  <<  se tw (5 )  <<  se tp rec i s i on (0 )  <<  (Coun t+1 )

<<  se tw (1? )  <<  Con fS t reng ICoun t ]
<<  se tw (18 )  <<  se tp rec i s i on (4 )  <<  Con fS t ra i n lCoun t l
<<  se tw (20 )  <<  Con fu l t s t r a i n l coun t ]  <<  " \ n " ;

++Count;
I
I
ou tpu t  < .  " \n \n \nSTEEL\n '

< <  , , - = - = = \ n \ n r r ;

o u t p u t  < <  s e t w ( 4 )  < <

< <  s e t w ( 8 )  < <  " Y i e l , d  "
< <  s e t w ( 8 )  < <  r r M . O . E "

< <  s e t w ( 1 3 )  < < r r S t r a i n  a t "
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Count
rrhile

t

< <  s e t v r ( 1 5 )  < <  i l U f t '  s t r e n g t h t '

: :  : : ; ; i ; ; ;  <<  "s t ra in  a t \n "

<< setw (4 ) << :TYP:, , ,
< <  s e t n ( 8 )  . '  ' ( P s l l

. .  r . a " ( 8 )  ' < ' ( P s i ) "

: :  ; ; ; iu )  "  "Harden insx

< <  s e t u t ( 1 5 )  < <  r r  ( P s 1 ]

. .  ; ; ; i ; i ;  "  " u L t i m a t e \ n "
. .  

" " a , n ( 4 )  

< <

. .  a a a r ( 8 )  < <  r t - - - - - - - r '

< <  s e t \ t ( 8 )  < <  n - - - - -

< <  s e t w ( 1 3 )  < <

< <  s e t w ( 1 5 )  < <  
- - - - r : ; .

< <  s e t w  ( 1 2 )  < <  -  -  -  -  \ r r  '

=  0 ;
(Count < StT)PeNo)

outPut

++Count;

)

/ /  T , , e  f o l r ow ing  modu le  i s  an  l npu t / ou tpu t  f o r  sec t i on  p rop r t i es '

'/'/ 
I'ocatlon ot tteur"ilvl-t"-"tt rntt""ttd from the tension face of

' , ' ,  
f, l i ' ; ::::t::: i : l"u"tio'" ' heishts or concrete lavers are meaaured

/ /  f r om  the  t ens ion  f ace '

/ /  r rot  c i rcular  seccions'  the inPut consists of  the inner and
' / ' /  

tn 'e outer  d iameters of  each layer '

// ENTER DATA

/ /  - - - - ' - - - - -

/  / J * t . t t r r ,  
* r t t t t t r

//CONCRETE GEOMETRY

/  / t t t i * t t r J  
t t t t t t t t

do / /  whi le entered values need to be revised

{
c f rsc r  O ;
C O U I  < <  

( \ n \ n r t r r r t t t * l * t t i t t * r r t * \ l 1 n

<< ,,i coNcRETE GEoMETRY t\n"

< <  
l t r * t t t t t t t t * t * * t * i r * * \ n l  ;

cout << " \nselect  Sect ion shape"

< .  , , \ n _  _ _ _ _ _ _ - , , ;

do
I

1
cout << " \n\ tEnter  C for  c i rcular  sect ions"

. .  " \ n \ tEn te r  P  f o r  Po l ygon  sec t i ons \n r ' ;

c i n  >>  Sec t l on , '
i f  ( ( S e c t i o n  ! =  ' C '  & &  S e c t i o n  l =  ' c ' )  & &

( S e c t i o n  ! =  t P '  & &  S e c t i o n  t =  ' P ' ) )

cout  << " \n\aIM/ALrD ENfRY ! I !  TRY AGAIN\n";
I
I
w h i l e  ( ( S e c E i o n  l =  ' C '  & &  S e c t i o n  ! =  r c r )  & &

( S e c t i o n  ! =  ' P '  & &  S e c t i o n  ! =  ' P ' ) ) ;

i f  ( S e c t i o n  = =  ' P '  l l  S e c t i o n  = =  ' p ' )

l
t

do

<<  se t i t ( 3 )  <<  ( coun t+1 )

-  
" ; ( 8 )  

' <  s e t p r e c i s i o n ( 0 )

: .  ; ; ; " i r o )  . '  s e t P r e c i s i o n ( 1 )

. .  ; ; ; t ( 1 0 )  < <  s e t P r e c i ' s i o n ( 4 )

. .  s e t t u ( 1 3 )  < <  s e t P r e c i s i o n { 0 )

. .  
" . a r ( 1 2 )  

< <  s e t P r e c i s i o n ( 4 )

<< Yj.eldstreng lcount]

<< M O Elcount l

.. slriinnard lcount]
<< Ultstress [Countl
. <  U l iS t r a i n l coun t ]  <<  " \ n " ;

I
I
t
I
I
I
I
I
I
I
I
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I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

do

{

)

do

{

cout << r \nEnter sect ion

qets (Realstr ing) ;

ii"ct-near (sectionDepth

I

inrr .(u"t turtv == 2) i

depth ( in inches)

, va l i d i t y )  ;

cout  << n\nEnter number of  concrete layers

qe t s  ( r n t s t r i ng )  ;

Zi".*-i".."erf Numconclav' Varidity) ;

i f  ( va l i d i t y  -=  1 )

{
i . f  (Numconctay < 1 l l  NumconclaY-t-:-0-l--";;; 

.. '\n\n\asNTRY Is oursIDE RANGE! ! !

\

l n r r . , r r r * "onc lay  <  r  l l  Humconcr 'ay  >  20  l l  va l id i t y  -=  2 ) ;

str i !ch (  Sect ion)
I

t
II ETirTEN PROPERTIES IF CIRCU]'AR SECT]ON

c a s e  r C ' :

c a s e  r c '  :

Count = 0;
wbile (Count < Numconclay)

I

cout << " \n\nConcrete Layer No'  "  << courr t  + l

< <  " \ n _ _ - - -  
- - - \ n ' , ;

cou t  <<  u \n \ tEn te r  i nne r  d i ame te r  ( i nches ) :

ge t s  (Rea l s t r i ng )  ;
C h e c k  R e a l  ( I n n e r D i a I C o u n t ] , v a l i d i t y )  ;

( 2 0  m a x )  :  " ;

TRY AGAIN\N'';

\
w h i l e ( V a l i d i t Y  = =  2 ) ;

l ^

{
do

I

cou t  <<  u \n \ tEn te r  ou te r  d i ame te r  ( i nches ) :  " t
gets (Realstr ing) ;
Check_Rea l  (Ou te rD ia  ICoun t ] ,Va l i d i t y )  ;

i
w h i l e ( v a L i d l t y  - =  2 ) '

i f  ( I nne rD ia l coun t l  >  Ou te rD ia l coun t l  )
cou t  <<  " \ n \n \a INVAI ID  ENTRY ! ! ! \ n "

<< "outer  d iameter should be > inner d iameter\n" ;

)
r , rh i le ( InnerDia lcount ]  > outelDia lCount]  )  ;

do
I

cout  << " \n\ t ls  lJayer "<<Count+1<< "  conf ined ? (Y or  N) :

c in >> confstatus, '
i f  ( ( C o n f S t a t u s  ! =  r Y '  & &  C o n f s t a t u a  t -  ' y ' )  & &

( C o n f s t a t u s  ! =  t N '  & &  C o n f s t a t u s  1 =  I n ' ) )

COUI << ' \N\A\ INVALID EMTRY !  !  !  TRY AGAIN\N' ' ;

)
w h i l e  ( ( c o n f s t a t u s  ! =  t y t  o o  C o n f s t a t u s  ! =  ' y ' )  & &

( C o n f s t a t u s  l E  ' N '  & &  C o n f s t a t u s  ! =  ' n ' ) ) ;
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i f  ( con fs ta tus  == ' |Y ' |  l l  con fs ta tus  == ty r )

(
do

{^^,,, 
.. r\n\tEnter confinenent rype nunber (nax = "

" - - -  
" co t f concNo<<" )  

:  " ;

5::11?::H'"?1ti""*'No rcountr' variditv) ;

i r  rvar ia i tY == r l

{  . .  ^^- t .^ncNo I  I  confrypeNolcount]  
< 1)

::j:"::T:\:{=Hll' ; =';s:$;TJl"::'i" i'".;'i;oil{r";"
)

i
whiLe (ConfTyPeNolcount] > confconcNo l l  confrypeNolcountl  

< 1

I  I  va l id i tY  == 2)  i

) i / eND or rr srarsMsr{r
++count ;
} // END OF MAIN WHILE LOOP FOR CIRCUI.AR SECTION

break; // END o" 
"*iti" 

tot" 
"o* 

crRcuLAR coLuMNs

// ENTER PROPERTIES IF POI'YGON SECTION

c a s e  
' P '  :

c a s e  
' P ' :

Count = 0 t

iiii. tc""ttt < Numconclay)

1
cou t  <<  " \ n \nconc re te  Laye r  

" " ' . : , , : '  
Coun t  +  1 ;

c o u t  < <  " \ n - - - - -  
- - - - - - - - \ r r  '

do

{"oua 
. .  ' \n\ tEnte!  beginning height  f lom tenslon face ( inches)

ge t s  (Rea fS t r i ng )  ;

i h e c k - R e a f  ( B e g H t  [ c o u n E ] ' v a l i d i t y )  t

i

w h i l e ( v a l i d i t Y  = =  2 ) ;

do

{
cout << ' \n\ tEnter  height

qels (ReaLstr ing) ;

6neck neal' (LaYHt [Count]

i -
w h i l e ( v a l i d i t Y  - =  2 ) ;

I
I

I
I
I
I
I
I
I
I
I
I
I

do

{
cou t  <<  " \ n \ tEn te r  beg inn ing  w id th  ( i nches ) :

ge tB  (Rea lS t r i ng )  ;

i t r ecx -nea l  (Begwd l coun t l 'Va I i d i t y )  ;

l

t f t i l .  (n" l id l tY == 2l  ;

do
I

cout  << " \n \ tBnter  end ing  w id th  ( incheE) :  " ;

gets (Realstr ing) ;
lheck_neaI -  (Endvrd tcount l ,Va f id i ty )  ;

I
t

r p h i l e ( v a 1 i d i t Y  = =  2 ) ;

do
I

c o u t  < <  ' \ n \ t l s  L a y e r  " < < C o u n t + 1 < <  
r '

c in  >> Confs la tus ;

i f  ( ( C o n f S t a t u s  ! =  r Y '  & &  C o n f S t a t u s

( C o n f s t a t u s  ! =  ' N '  & &  C o n f S t a t u s

of layer ( inches)

, v a l i d i t y ) ;

confined ? (Y/N) :

' =  ' y , )  & &
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cout << "\n\a\INVAI'ID 
ENTRY ! ! ! TRY AGAIN\n";

l n r r .  a ( con f s ta tus  ! =  'Y r  &&  con f s ta . t us  l =  i v r )  &&

(con f  s t a l u ;  , ' =  ' * '  oo  con f  s t a tus  ! =  ' n r )  )  ;

i f  ( con f s ta j l l e  ==  'Y ' ,  l l  con f s ta tgs  ==  ' j ' )

t
do

lo,ra .. "\n\tEnter confinement Tlpe number {max = "

<<Conf CotrcNot '  r ' )  :  "  ' '

gecs ( Intstr lng) ;

l i " .x-r r r . "ger (confr lpeNo lcount l '  var id i ty)  ;

i f ( v a l i d i t Y  = =  1 )

{ i f  
{confrypeNolcount l  > confconcNo l l  confqry: t : i : :T: f  '

COUI << iT, ,T, ,T"Si lRV IS OUTSIDE RANGE! !  !  TRY AGAIN\N. ' ;

)

ln i r .  t "onrryPeNolcount l  > confconcNo |  |  confTlpeNo[Count]

I  I  va t i a i tY  -=  2 l  i

) // ulvp oF rF STATEMEM

++Coun!;

) zz nlvo oF MArN WHILE LOOP FOR POLYGON SECTToN'

uieak; // $t{D oF swrrcH cAsE FoR PoLYGoN sEcrroN'

\ // ct'osa swrrcH

do // PROMPT FOR RE\|ANSWET AIID CHECK AIiISWER VALIDITY

lora . .  , ' \nDo you want to revise Concrete Geometry? (Y/N):  " ;

c in >> RevAnEwer, '
i f  (RevAns r , t e r  l = 'Y '  &&  RevAnswer  ! = 'Y '

&& RevAnsr.te! != 'N' && RevAnswer ! = ' n I )

cout  << " \n\aINVALID ENTRY !  l  RY AGAIN\n";

) /z eND oF RevAnswer VAITDITY

v rh i l e  (RevAnswer  ! = 'Y '  &&  RevAnswer  l = ' y '

& &  R e v A n s r ^ t e r  l = ' N '  & &  R e v A n s w e r  t = ' n ' ) ;

| / / awo oF 'do" WHILE REVISION IS REQUIRED

w h i l e  ( R e v A n s w e r  = = ' Y '  l l  n e v a n s w e l  = = ' y ' ) ;

/  / r r t r t t r a * J r * a *

//STEEL GEOMETRY

/  / t r a r t t * 1 * t t * * *

do / /  whi le entered values need to be revised

I

c l rsc r  O ;
C O U t  < <  t r \ n \ n * t r * r t t * r * * + * * * t * r \ n x

<< .. T STEEI, GEOMETRY T\N''

< <  r r * * * * r r r * * * * * * t r r a \ n n , .

do

{
cout  << " \nEnter  nunber  o f  s tee f  layers  (30  max) :  " ;
gers  ( In ts t r ing)  ;

check_Integer (Numstlay, val idi ty) t
i f (va l id i tY  == 1)
{

i f (Numst lay > 30 I  I  NunStIJaY < 1)

cout  << , ' \n\n\aENrnY IS O(xTSIDE RAITGE! !  r  TRY AGAIN\nrt ;

i
)
whi le  (NumSt lay  >  30  l l  Nuns t lay  <  1  l l  va l id i t y  == 2 \ ;

Count = 0;
while (Count < Numstlay)

< f

I
I
I
I
I
I
I
I
I
I
I
I
t
I
I
I
I
I
I

1 )
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I
I
I
I
t
I
I
I
I
I
I
I
I
I

t  
: 'ayer No'  n << count+l ;t " o r r t  

. .  ' \ n \ n s t e e l -  
- - - - \ n , , ;

c o u t  < <  , , \ n _ _ _ - _ _ _ _

u i  

- ' \  \ ! F - | e r  he igh t  o f  l a ye r  f r om tens ion  f ace  ( i n  i nches ) :  " ;

cout  << " \n\ tEnt l
qe t s  (Rea l s t r i ng )  

'

iheck-Rea1 
(StLayHt tcount l  'Val id i ty)  ;

1

iu : . r " t . t " l ia i tY == 2)  ;

do

i  -  r  a rea  o f  s t ee l  l a ye r  ( sg '  i n ches )  I  " ;

cout  << i l \n\ tEnte

qe t s  (Rea l s t r i ng )  ;

5 ; , : - ; ; i  ( s t i ayA rea [ coun t l ' va l i d i tY )  
;

t
ini t" t ' , t"r iaiEY =- 2) ;

do

{ .o . ra  
. .  " \n \ tEnter  

S tee l  Ty?e number  (max =  "

< < s t . l ) P e N o < < s ) :  
r ' ;

o e c s  ( I n t s t r i n g )  ;

5.:;;;;;;. ' i t tu'vrvpe lcount] '  validitv) ;

i f  ( v a l i d i t y  = =  1 )

tt, 
,r."t*e lcount] > str)rPeNo 1]--::TY""::jt::::lt: 

t'

cour << , f " l " i "eNini  rs OuTSIDE RATiIGE! !  !  TRY AGAIN\n";

)

lnrt. ar.o"yT)Pe lcountl > scryPeNo | | stLayryPe lcount] < l

|  |  v a l i d i t Y  = =  2 \ ;

++Count t
i ;t-ffi oF wHrLE LooP- END oF STEEL GE.METRY'

do // PROMPT FOR RE\/ANSTT'ET AND CHECK ANSWER VALIDITY

{
cout << " \nDo you want to revise Steel  Geometry? (Y/N):  " ;

cin >> RevArrswer,
i f  (Revl \ r tsr ter  != 'Y '  && RevAnswer != 'Y'

&&  RevAnswer  l = 'N '  &&  p " t ' 5gsg r '  ! - r n ' )

cout  << " \n\aINVAUD ENTRY t  !  !  TRY AGAIN\n";

\ / / eso oF RevAtrswer VALIDITY

wh i l e  (RewAnswer  ! = 'Y '  &&  RevAnsh te r  ! = ' y '

&&  RevAns r re r  t = 'N '  &&  RevAns r "e r  ! = rn ' ) ;

) // END OF 'dO" WHILE RSVISION IS RE9UIRED

w h i l e  ( R e v A n s e s l ' - = ' Y '  l l  R e v A n s w e s  = = ' y ' ) ;

// CALCUI,ATE CROSS SECTIONAL PARAMETERS

77 TTNO DISTANCE FROM CENTER OF CIRCT'LAR SECTION TO EXTREME

//  TENSTON FACE:

i f  ( S e c t i o n  = =  ' C '  |  |  S e c t i o n  = =  ' c ' )

{
for  (Count=0;  Count<Numconclay,  ++Count)

TemP = OuterDia [Count]  /2;

i f  (ConcLaYY < TemP)

.ConcLaYY 
= Tempt

l
)

// AAICUI,ATE CROSS SECTION AREA AND Y-BAR (TO TENSION FACE):

for  (Count 'O; Count<NumconcLay;  ++Count)

{
Eri i tch (Sect ion)
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c a s e  ' c , :

c a g e  ' c '  :
ConclayArea = pfr  (OuterDia fcount]  routerDia 

tCount l

break;  
-  rnnerDia lcount ]  r rnnerDia 

[count]  )  /a;
c a s e  ' P '  :
c a s e  ' p ,  :
ConclayArea = (BegWd ICount]  +EndWd ICount l  )  rLayHt ICount]  /2;i f  (Begwd ICount]  > Endwd ICount]  )

Conclayy = BegHt lCountl *LayHiiCount] r (2rEndWd lCount] +Begwd lCountl ) /(3 *  (Begwd IcountJ +EndWd lCount]  )  )  ;e l se
conclayy = BegHt tcountr  +Lay' t  lcount  j  *  ( r -  12r3""nd lcount  J +Endwd lcountr/ (3" (Begwd tCount j +Endrrfd lCount] ) ) ) ;break;

I / / ct ose swr?cH
Sect ionArea = Se,
conclayAy = 

"""J:;;*:::;":il;:"YArea;SumConcAY = SumconcAy+ConclayAi;
I // eND oF 'FoR" Loop

/,/ CALCTILATE STEEL ARE.A AI{D RATIO

for (Count=0;  Count<Nunst lay;  ++Count)
{
SteelArea = SteeLArea + St layArea lcount l  ,ModRario = M_o_E lsr layType Ic"unt i j i i i  (sTooo.sgrr  (unconsrreng) )  ;TrstArea = (ModRatio_ r ) istr,ayar". tlo.,rrtl ,frstAy = TrstArearstlayltt tcountl ;SunTrStAY = SumTrStAy + TrStAy;
AreaTrst  = AreaTrst  + TrstArea;

S tee lRa t i o  =  (S tee l .A rea /Sec t i onA rea ) , 100 , .
PlCentt t  = (SumTrStAy+SumconcAy) 

/  (Sect ionarea+AreaTrSt)  
;

/  /  a  *  a t t )  r ,  r r * * r * r * * * * r * * * * + t

/ /WRTTE INPUT TO OUTPUT FII,E
/  /  t * r  r  t  r  r  r ) r t l t  r r r * r r i * * * * l f

O u t p u t  < <  " \ f \ t \ t \ t r * * * r i r r i * t * r * r + r t t t t , \ n n
. <  " \ t \ t \ g *  s E c T r o N  P R O p E R T T E S  r \ n , ,
< < , ,  \ t \ t 1 g *  r t  r  * * * r r I r * * r r i i * r h r  

\ n \ n \ n r , , .
s n i t c h  ( S e c t i o n )

{
c a s e  ' c '  :
c a g e  ,  c ,  :
ou tpu t  <<  "Sec t i on  i s  C i r cu l a r \ n \n \n , ,

<< , ,Conc re te  Laye rs \n r
< < , , = g _ _ = _ = = = = = = = = = \ 1 \ n , ;

O U t p U t  < <  e e t w ( S ) . .  t t  n

< <  S e t t t ( 8 )  < <  I t l n n e r  I '

< <  s e t w ( g )  < <  " O u E e r  ' ,

< <  s e t w ( 9 )  q <  "  I

< <  s e t w ( 5 )  < <  "  \ n " ;
o u t P u t  < <  s e t w ( 5 )  < <  " t a y e r "

< <  g e t r r r ( g )  < <  n D i a

< <  S e t w ( 9 )  < <  i l  u

< <  s e t w ( 6 )  < <  " c o n f  . , ,  < <  " \ ! 1 u , -
o u t p u t  < <  g e t w ( 5 )  < <  r N o .  u

< <  s e t t t ( 8 )  < <  u ( i n . 1  '

< <  s e t l v ( 8 )  < <  u ( i n . )  
"

< <  s e t w ( 9 )  < <  " C o n f i n e d , ,

I
I
t
I
I
t
I
I
I
I
I
I
I
t
I
T
I
I
I
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I
I
I

"  
= " t ( 9 )  t '  " -

"  " " t t t t )  "  " - _ i l  < <  n \ n r , .

Count = 0,.
whil.e (Count < Numconclay)

{
output  << setw(3) << Count +1.

<<  se t i os f l ags  ( i os :  :  f i xed )  <<  se t i os f l ags  ( i os :  :  showpo j . n t )
<<  se tp rec j . s i on  (2 )
<<  se tw (9 )  < .  I nne rD ia tCoun t l
<<  se t v t ( 8 )  <<  Ou te rD ia [Coun t ] ;

o u t p u t  < <  s e t w ( ? ) ;
if (ConfTypeNo [Count] )
output << ,'Yes 

" ,.
e l se

ou tPu t  <<  r rNo r ' ;

if (ConfTypeNo lCountl )
ou tpu t  <<  se tw (? )  < .  Con fTypeNo [Coun t ]  <<  " \ nn -

e l se
o u t P u t  < <  s e t w ( 8 )  < <  u N / A u  < <  r ' \ n r  -

++Count;

) t t srrD oF wHrLE Loop
breaK; // END oF CIRCI,LAR cAsE

c a g e  r P  I  :

c a a e  ' p '  :
ou tpu t  <<  r 'Sec t i on  i s  non -c i r cu l a r \ n \n \n "

<< "Concrete Layerg\n"
< < , , = = = = = = = = = = E E r E = \ n \ n i l .

o u t p u t  < <  s e t w ( s )  < <  i l  r l

< <  s e t h r ( 9 )  < <  r t B e g i n .  n

< <  s e t l r ( 9 )  < <  n L a y e r

< <  S e t r t  ( 9 )  < <  " B e g i n ,  
u

< <  s e t w ( 9 )  < <  r r E n d i n g ' ,

< <  s e t w ( 9 )  < <  "  "
< <  s e t w ( 5 )  < <  "  \ n " ,

o u t p u t  < <  s e t r , r ( 5 )  < < ' r L a y e r i

< <  s e t h r  ( 9 )  < <  r ' H e i g h t  
"

< <  B e t w ( 9 )  < <  I ' l l e i g h t  n

< <  s e t w ( 9 )  < <  " W i d t h  i i

< <  s e t s ( 9 )  < <  u w i d t h  n

< <  s e t w ( 9 )  < <  x  , l

< <  s e t w ( 5 )  < <  " c o n f . t  < <  n \ n r r '

o u t p u t  < <  s e t w ( 5 )  < <  t r N o .  n

< <  s e t w ( 9 )  < < ' , ( i n . )

< <  s e t r , r ( 9 )  < <  u ( i n - )  u

< <  s e t w ( 9 )  < <  " ( i n . )  "
< <  s e t w ( 9 )  < <  u ( i n . )  u

< <  s e t w ( 9 )  < < ' r C o n f i n e d "

< <  s e t r r ( 5 )  . .  " T l 4 ) e  
x  < <  r \ n x  '

o u t p u t  < <  s e t w ( 5 )  < <  n - - - - - i l

< <  s e t r d ( 9 )  < <  n - - - - - - - - 0

< <  s e t w ( 9 )  < <  r t - - - - - - - - r

< <  s e t w ( 9 )  < <  t r - - - - - - - - n

< <  s e t w ( 9 )  < <  n - -

< <  s e t w ( 9 )  < <  "
< <  s e t h t ( 5 )  < <  i l - - - - - u  < .  " \ n u .

Count = 0,'
nhiJe (Count < NumconclJay)

a
' ou tp , r t  

<<  se t$ , ( 3 )  <<  Coun t  +1 ;
ou tpu t  <<  se t i os fLags ( i os :  : f i xed )  <<  se t i oa f l ags { i os :  : showpo in t )

<<  se tP rec i s i on  (2 )

<<  se t rd (9 )  <<  BegH t l coun t ]
<<  se tw (91  <<  LayH t l coun t l

I
I
I
I
I
I
I
I
I
I
I
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<<  se t rd (9 )  <<  Begwd l coun t l
<<  se t rd (9 )  <<  EndWd[Coun t ] ;

o u t p u t  < <  s e t w ( g ) ;
if (confTlpeNo [Counti )
outPut << I 'Yesf t  .

e l se
outPut << I 'Not , .

if (ConfTlpeNo [Count] )
output  << setrd (?)  . .  ConfT]r lpeNo [Count]  << , , \n, ,  ,

e l s e
o u t p u t  < <  s e t w ( g )  < <  u N / a u  < < , , \ n , , -

++Count, .

} / / eND oF WHIIJE IJooP

.break; // strD oF pRIsMATIc cAsE
| / / ct osp, swrrcH

o u t p u t  . .  , ' \ n \ n \ p "  < <  ' r s t e e L  
L a y e r s \ n , ,

< <  " = = = = = = = = _ _ = _ \ n \ n ,  -
o u t p u t  < <  s e t h r ( S )  < <  " L a y e s u

< <  s e t w ( 9 )  . .  u H e i g h t  , ,
< <  s e t h r ( 1 0 )  < <  " A r e a
< <  s e t w ( G )  < <  , , S t e e 1 , ,  . .  u \ n u .

o u t P u t  < <  s e t w ( S )  < .  n N o .  u
< <  s e t h r  ( 9 )  < <  , ,  ( i n .  )
< <  s e t h r ( 1 0 )  < <  , , ( s q .  i n , 1 "
< <  s e t w ( 6 )  < <  " . I r p e  u  . .  u \ r r u -

o u t p u t  < <  s e t r d ( S )  < .  r - - - - _ , ,  I
< <  s e t r t ( 9 )  < <  n - - - - - - - - n

t
t
I
I
t
I
I

I
I
t
t
t
I
I
I
I
t
I

< <  s e t w ( 1 . 0 )  < <
< <  S e t W ( 5 )  . .  i l - - - - - , ,  < <  u \ n u .

Count = 0;
whi.le (Count < Numstlay)

a
1
ou tpu t  <<  se t r r ( 3 )  <<  coun t  +1

<<  se t i os f l ags  ( i os :  :  f i xed )  <<  se t i os f l ags  ( i os :  :  sho r , r po in t )<<  se tp rec j . s i on (2 )
<<  se tw (9 )  <<  s t l Jay l t t l coun t ]
<<  se tw (10 )  <<  S t l ayA rea tCoun t l

ou tpu t  <<  se tn (5 )  <<  s t l ayType l coun t l
++Coun t ;

) / t ano oF wt{rlE Loop

. .  " \ n " .

// FIND SECTION DEPTH FOR CIRCULAR COLIJMNS
srdi tch (Sect ion)

1
C 3 S €  I C ' :

c a g e  , c , :

for (Count = 0,. Count < Numconcl,ay,. ++Count)
t
i f  (Sect ionDeplh <= OuterDia ICount]  )

.  Sect ionDepth = 6uggr.Dia [Count]  ;
I tt strD oF trFoRn Loop

break,. // END oF CrRC. SECTION CASE
I // cr,ose swrrcg

output  <<

output  <<

'  \n\n\nsect ion parameters\n"
"  =========-==__=_  =_  \ n \n , ,  ;
se t i os f l ags ( i os :  ; f i xed )  <<  se t i os f l ags ( i os ;  : showpo in t )

setprecis ion (2 )
"Sec t i on  Dep th  =  ' ,  <<  Sec t i onDep th  . .  , ,  i n . qnu, ,Cross sect ional  arei  = ' ,  << Sect ionArea << , ,  sg.  in. \nn
"S tee l  a rea  :  ' ,  <<  S tee lA tea  <<  "  sg .  i n . \ n "
"S tee l  r a t i o  =  "  <<  S tee lRa t i o  <<  "  t  \ r r "r rDistance of  p last ic  Center to extreme tension f ibers = *
PlCenII t  << , ,  in .  ' ,  ;
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I
I

I

/ / THTS MODWE FII'DS THE TNITIAT STRA]N VALUE I'NDER A GTVEN// A){.TAL LOAD TO START THE MOMEMT.CT,RVATURE ANATYSIS
clrscr  (  )  , .

c o u t  < < , r \ n \ n * + * * * * i * * r * r r r * t r * r i r r r r * r * r t \ t 1 n

<< , ,*  MOMEM|_CIRVATIRE ANALysrs i \n"
< <  [ t r * * t * t * * t t * t * * r * * t * t t t * * a r r * \ n r -

// FIND NOMINAL AXIAL COMPRESSIVE AIID TENSILE LOADS
for (Count=0, .  Count<NumStlay;  ++Count)
{
NominalTen = NominalTen -  (St layArea [CounE],

)  " ie ldstreng 
ls t layTlpe lcount ]  -11 )  /1000;

Nominarcomp = (0.S5rSect ionArea*unconstreng) 
/ rooo -  Nominar.Ten;

/ / ECHO NOMINAT AXIAL I,OADS AND PROMPT FOR AXIAT LOAD
cou t  <<  se t i os f l . ags  ( i os :  ; f i xed )  <<  se t i os f l ags  ( i os :  : sho r . po j - n t )<<  se tp rec i s i on  (2 )

<< " \nMax .  Compress iwe  Nomina l .  Load  = , ,<<  Nomina l comp  <<  , ,K i pgu
< < , , \ n M a x .  T e n s i l e  N o m i n a l  L o a d  = . , < <  N o m i n a l T e n  < . ; , * r ' . 1 r . , -

// ENTER NT'MBER AND VALUES OF AXIAL LOADS
do

{
cout << ' , \nEnter number of  axia l .  Ioads (Max = g)  :  , , ;
ge t s  ( I n tS t r i ng )  ;
Check_Integer (NumAr<ial load,  Val id i ty)  ;

i f ( v a l i d i t y  = =  t )
{
i f  (NurnAxial l .oad < 1 I l  NumAxial load > 8)
cout  << , ' \n\n\aENTRY rs ouTs]DE RANGE ! ! I  TRY AGAIN\n, , ;

) )
l l  N u n A x i a l . L o a d  >  8  l l  v a l i d i r y  = =  2 ) ;

NurnAxialLoad,. ++Count )

cou!  << " \nEnter A:<ia l  Load , ,  << Count+1.
.< "  (Kips)  between , '  << NominaLcomD
<<  "  and  "  <<  Nomina l .Ten  <<  , ' :  r , , .

gers (RealStr j .ng) ,

.Check_Rea l  
(Ax ia l p [Coun t ] , va l i d i t y )  

;
)

w h i L e ( V a l i d i t y  = =  2 1 .

i f  (Axialp lcount] < NominalTen | |  axiarr lcount] > Noninalcomp)
cout << ., \n\aINVALID ENTRY tI!  TRY AGArN\n,,;

t

.  r f r i1"  (A( ia lP lcount ]  < NominalTen |  |  Axia lp lcount ]  > NoninalConp) ;
) // nm oF "FoR' Loop

cout << , ' \nEnter Concrete Srength Reduct ion Factor ;  , , ;
gets (Real .Str ing) ;
Check_Rea l  (F l exMu l t , va l i d i t y )  ;

I

wh i l . e ( va l i d i t y  -=  2 ;  t

c l r s c r  (  )  ;

I
I
I
I
I
I
I
I
I

whi le (NumAxial load .

for  (Count = o;  count.
t

do

{

1

do

t

do
(

I
I 270



I
I
I
t
I
t
I
I
I
I
I
I
I
t
t
I
I
I
t

,// CREATE OIITPIIT WINDOWS ON SCREEN
consrream wL, w2; // cRF;NtE 2 WINDOWS
urt .windo\r(1,  1,  80,  10);  / /  SETV' O"-rnr"OO" w1 FOR HEtrDING DIS'LA'w2.rdindor^,(1,  11,  go,  2sl ;  / /  s ' ru; ; ;  wrNDow w2 FoR vALuEs Drspr,Ay

for(counler  = 0, .  counter  < NumAxial load;  ++counter)

i f  (Ax i a l p l coun te r J  >  0 )
A x i a l p s t a t u s  =  , C r ,

i f  (A)<ia lp lCounter]  < o )
A x i a l p s t a t u s  =  ' T , .

Sect ionstra in = g-  / /  nnSXt INfTIAL SECTTON STRAIN TO ZERO

/,/ RESTORE I{EIGHT OF FAILED STRIPS FROM PREVIOUS LOAD CASE/,/ IN POLYGON SECTIONS
i f  ( S e c t j . o n  = =  ' p ,  

l l  S e c t i o n  = =  , p , )
{

for  (Count = 0, .  Count < Numconclay;  ++Count)
{
TemplayHt lCount] = LayHt {Countl ;
l

)

,/,/ RESToRE Ulimit" VAJ,UE FoR cIRcuLAR sEcTIoNS
i f  ( S e c t i o n  = =  ' C ,  

|  |  s e c t i o n  = =  , ; , 1  
- -

L imi t  = sect ionDepth/2;  / /  RESToRE LIMIT oF CRUSHED coNcRETE

sw i t ch  (b ( i a l ps ta tus )
I

case 'C'  :  / , /  COMPRESSION
do

I
CONCFOTCE = O; / / RESET FORCE IN CONCRETE ?O ZERO
steel.Force = o; /,/ REsEr FORCE IN STEE! To ZERO
Sec t i ons t ra i n  =  gggg ions t ra i n  +  0 .000001 . r

for  (count = 0;  count < Numconclay,  ++count)  / /  prrp coNc. corr{p.  FoRcE

i f  (Sec t i on  ==  ' p ,  
l l  Sec t i on  ==  rp i l  / /  pOL l cON SECTIONS

concLayArea = (Begwd Icount]  +Endwd tcount l  )  r layHt rc."" ; t7; ;
else // cIRcul"AR SECTIONS

conclayArea = pIr (pot, (outerDia lcountl , 2 ) -
poh '  ( I nne rD ia  lCoun t ] ,  2 )  )  /  a  ;

if (ConfT!treNo [Count] )
Concs t reas  =  Con fS t resss t ra i n (Sec t i ons t ra i n )  ;

e l se
Concstreas = Unconstressstra in (Sect ionstra in)  ;

ConcForce = eoncForce + ConclayArearconcstress;
I // ewo oF fFoRn Loop TO FrND CONC. CoMp. FORCE

for (Count = 0;  Count < Numst lay,  ++Count)  / /  FIND STEEL COMP.{
Stee lSt ress  =  Stee ls t resss t ra in (Sec t ions t ra in )  ;
steelForce = SteetForce + Steel.stressrst layArea ICountl  ;
} /T END OF trFOR" LOOP TO FI![D STEEL COIIIP. FORCE

CHECX EQUILIBRII'M
TotafForce = ConcForce + SteelForce;
i f  (TotalFolc€ <= ] lJ( ia lp lCounter l  )

1
LastForce = TotalForce;
Laststra in = Sect ionStrain;

) // eND oF' rr
| / / eND oF Do Loop
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I
I

r rh j .Le (TotalForce <= Axia lp lCounter]  )  ;

break;  / /  F,nO OF ,C'  CASE (COMPRESSION)

c a s e  ' T ' :

double SurnAE = 0,.
for  (Count = 0;  Count < Numst lay;  ++Count)
I
SurnAE = SUnAE + StlayArea ICount] aM_O_E [Stl,ayTlpe tCount] _11 ;

SteelForce = A)<iaIP ICounter]  ;
TotalForce = A:<iaIpICounter]  ;
ConcForce = 0, .
Str_At_P -  Arc ia lP lCounter]  *1000/SumAE;
break; // nt{E_ OF TENSfLE LOAD CASE

defaul.t: // CASE OF ZERO AXIAI LOAD
ConcForce = O;
S tee l .Fo rce  =  0 ;
To ta lFo rce  -  0 , .
S t r_A t_P  =  0 ,
break; // F,IID OF ZERO A)(IA! LOAD CAsE

\ / / ct ose swrrcg

,// IN:TERPOLATE VALUE OF INITIAL STRAIN
i f  (Ax ia lP t coun te r l  >  O )
S t r_A t_p  =  i n t e rpo la te (Las t s t r a i n ,  Sec t i ons t ra i n ,  Las tFo rce ,

TotafForce,  A)<iaIp lCounter]  )  ;

/ / WRTTE OIIIPIIT TO FILE
o u t p u t  < .  " \ f \ n \ t \ t \ t * r * r r * r r r r * * * r * * * r i r ' * a , , r r r a \ n r

. .  " \ t \ t \ t *  MOMENT-CURVATIJRE ANALYSfS r \n"

. . , t  \ t \ t 1 3 t t t  r  r  r t  *  r  r t  r  r i  r i * t * * r r i r r {  * i  r  \ n \ n \ n n , .
ou tpu t  <<  se tp rec j . e i on (2 )

< < r r R u n # " < < C o u n t e r + 1
<< r ' \nA)<ia l  Load = ' ,  << Axia lp[Counter]  . .  "  Kips,
. .  " \ n -  - - - - - - - - - - - - - n .

w l .  c l r s c r  O  ;
wl .  << setc l . r (YELLOW)

<< I 'PLEASE WAITI '
<<  se t c l r (GREEN)
<<  se tP rec j . s i on (2 )
<< " \n\nRun # , '  . .  Counter + 1
<<  " \ nA t< ia l  Load  =  "  <<  Ax ia lP lgoun te r ]  < .  '  K i ps "
. .  " \ n - -

/ / THTS MODTILE CAI,CT'LATES THE MOMEMT-CURVATURE AND SENDS RESI'LTS
// TO OUTPUT FTtE.

h , 1  < < x \ n \ n "  / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /
< <  s e t w ( 8 )
< <  s e t w ( 1 1 )
< <  s e t w ( 1 2 )
< <  g e t w { 1 2 )

< <  s e t w ( 1 4 )
< <  s e t w { 1 5 )
< <  s e e w ( 8 )
< <  s e t w ( 1 1 )
< <  s e t w ( 1 2 )
< < setr,, ( 12 )
< <  s e t r t ( 1 4 )
< <  s e t s w ( 1 5 )
< <  g e t r d ( 8 )

< <  s e t w  ( 1 1 )
<<  se t r r ( 12 )
< <  s e t w ( 1 2 )
< <  s e t w ( 1 { )

< <  " M o m e n t , '
<< r 'curvature ' ,

<<  "Y_N .A

<< "  Force in r l

<<  "Fo rce  i n  \ nu
< <  r r  ( K i p - i n )  x

< <  r ' ( r a d / i n )  
"

< <  "  ( i n )

. .  "Top  S t ra i n t
< <  " C o n c .  ( K i p s ) ' ,

< <  " S t e e l  ( K i p s )  \ n "
<< i l  -  -  _

< <  i l  _  _

< <  r _ _ _

< <  r  _  _

I
I
I
I
I
I
I
t
I
I
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<<  se t c l r (YELLow)

: :  : : : ; f f i t : : ' , f ; ' ; ;  
: r ixed)  << ser iosrrass( ios:  :shohpoint )

< <  s e t w ( 1 1 )  < <  , ' 0 . 0 0 0 0 0 0 .
<<  se t r t  ( 11 )  <<  "  t r
<<  se t k r (12 )  <<  se tp rec i s i on (5 )  <<  S t r  A t  p
<<  se tw (13 )  <<  se tp rec i s i on (2 )  <<  

" " " ; " " ; " .
< <  s e t r d ( 1 4 )  < <  S t e e l F o r c e . . , , \ n ,

I
t
I
I
I
I
t
I
T
t
I
t
I
I
I
I
t
I
I

o u t p u t  < <  u \ n \ n "  
/  /  / . / - /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /  /< <  s e t w ( 8 )  . .  " M o m e n t  r

< <  s e t w ( 1 1 . )  < <  " C u r v a t u r e u
< <  s e t h r ( 1 2 )  < <  n Y  N . A
< <  S e t w ( 1 2 )  . .  ' i

< <  s e t w  ( 1 4  )  < <  ' , F o r c e  
i n

< <  s e f w ( 1 5 )  < < ' , F o r c e  i n  \ n "
< <  s e t w  (  8  )  < .  , ,  ( K i P _  i n )  '
< <  s e t w ( 1 1 )  < <  , , ( r a d , / i n )  ,
< <  s e t $ r ( 1 2 )  < <  ' ( i n )

< <  E e t h t ( 1 2 )  < <  , , T o p  s t r a i n "
< <  s e t w ( 1 4 )  < <  " C o n c .  ( K i p s ) , ,
< <  s e t w ( 1 5 )  < <  , , S t e e l  ( K i ! s )  \ n , ,
< <  s e t w ( 8 )  < <  r r - - -

< <  s e t w ( 1 1 )  < <
< <  s e t h r ( 1 2 )  . .
< <  g e t g t ( 1 2 )  < <  r - - _ _ _ _ _ _ _ _ r

< <  s e t w ( 1 4 )  < <  n _ _ _ _ _ _ _ - _ _ _ _ x

< <  s e t w ( 1 5 )  < .  " - - - - - - - - - - - - \ n '
< <  S e t w ( 8 )  < <  " 0 . 0 "
< <  s e t w ( L 1 )  < <  , , 0 . O O O O O O "

< <  g e t w ( 1 1 )  < <  u  u

< <  s e t h r ( l 2 )  < <  s e t p r e c i s i o n ( S )  < <  S t r  A t  p
<< se t l r (13)  << se tprec is ion(2)  . .  Cor r i fo ice< <  s e t r r ( 1 4 )  < <  S t e e l F O r C e  < .  , ,  \ n , , .

/ / /  /  /  /  / / / / / /  / /  / / / / / / /  /  /  /  / / /
// PIND MOMEIqT-CURVATVRE //
/ / / / /  /  / / / / / / / /  /  /  /  /  /  /  /  /  /  /  / / /

k  =  1 ;
do
I

ConcForce o 0;
ConcMom = e;
S tee lFo rce  =  O ;
SteelMom = 0, .

/ / FTND STFEIN INCREMEN?S
if (A:cialp[Counter] >= O) /,/ COM'RESSM AI\,D ZERO AXIAL LOAD CASES

if  (Topstra in <= gns6nul tst ra in)
Tops t ra i n  =  S t r_A t_p  +  0 .0001 rk ;
c lEe

.  Topstra in = Topstra in + 0.0005;
) / T FjND OF COMPRESSIVE AND ZERO A:(IAL LOAD CASES
eJ,se / / ?ENSILE A)(IAI I,oAD eAsE

1

Bo ts t r a i n  =  s t r  A t_P  -  0 .0002 rk ;
) / / zuo oF TENSiLE AXIAL LoTD cAsE

// FI![D STARTING Y NA
if (k -= 1) // FIRET STRAIN INCREMENT
{
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I

i f  (A :< i a l p lCoun te r l  >=  O)
Y_NA =  ( - 4 .G rsec t i onDep th rAx iaLp [Coun te r l  

)  /Nominalcomp + 0 .  6*Sect ionDepth, .
eLse

Y_NA = (S.4*sect ionDepth*Ar<ia1p 
lcounter ]  )

/Nonr inalTen + O.6*sect ionDepth;
J t t  sND oF rrFx k -  1

// FIT{D STARTING CURV., BOTTOM AIiID TOP STRAINS
i f  (A :< i a l p {Coun te r l  1=  g1

Curv = ?opstra in/  (Sect ionDepth _ y NA) ;e l  se

{
Curv = (BotStrain/y_NA) r (-1) ;
Topstrain = (sectionDepth _ y_NA) rcurv;
)

Conc. Force_Mom(ConcForce,  ConcMom, ConcFai lure)  ;Steel_Force_Morn (SteelForce,  SteelMorn,  SteelFai l .ure)  ;In i t ia lForce = ConcForce + SteelForce;
InitialMom = ConcMorn + Stee.j.Mom,.

i f  ( In i t iaLForc€ == A)( iaIp ICounter]  ](
Sect ionForce = f ,n i t ia l^Force, ,
Sect ionMom = fn i t j .a l .Momr
)

/ /  ITERATE TO FIND EQUILIBRIIJM CONDITION IF INi t iA] .FOICC I= AX'AIPInc remen t  =  l ;

i f  ( I n i t i a lFo rce  <  Ax ia l p l coun te r l  |  / /  CASE 1
I

ConcForce = 0, .
ConcMom = 0,
S tee lFo rce  =  0 ;
S tee lMom =  0 ;
In i t iaLY_NA = y_NA;

do / /  WI]LE y_NA INCREMEMT >= 9.991
t
m  E  0 '

i. 
/ / r0irLE rnitiaJ.Force <= Ar<ialp

TempForce -  In i t ia lForce;
TempMom - In i t ia lMom;
TempconcForce = f,6ngp9taa-
Tempsteel .Force = SteelForce;
TempCurv = Curv;
m = m - 1 ;
y_NA = Initialy_NA + mr (Increment) ,.

if (Ar(ialplcounLerl >= o) // coMpREssrvE oR zERo AJ(rAL r,oA.D
Curv = Topstrain/ (SectionDepth - y NA) ;
e]^ee / / TENSILE A)(IA], LoAD
(
Curv .  (BotStra in/Y_NA) {  ( -1)  ;
TopStrain = (Sect ionDepth -  y NA)iCurv;

Conc_Force_Mom(ConcForce,  Concl tom, ConcFai lure) , .
Steel_Force_Mom (Steel .Force,  SteeLMon, SteelFai lure)  ;
In i t ia lForce = ConcForce + Steel ,Force;
InitialMom = ConcMom + Steel,Uom;

I  t t  E;ND OF 'wlr r l ,E" In i t ia lForce <= Axia l .ptCounter i
whi le ( In i t ia lForce <= Axia lp lcounter l  )  ;

In i t iaLY NA = Y NA + fncrement,

I
I
I
I
I
I
I
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fn i t j .a l .Force = TempForce;
rncrement = Increment/10,
|  / t  eNO OF , , f f i11gr 

Increment >= 0.001r rh i l e  ( I nc r€h€n t  >=  0 .  OO1)  , .

ConcForce = TempConcForce;
steelForce = TempsteelForce, .
LUrv = TenpCurv;
Y _ N A = Y _ N A - 0 . 0 0 1 ;
SectionMom = TempMom,.
t  / /  END fni t ia lForce < A><ialp lCounter]

i f  ( I n i t i a lFo rce

{  
' A x i a i . P [ c o u n t e r ] )  

/ /  c A s E 2

ConcForce = O;
ConcMon = O,
Steel .Force = 0;
Steell.tom = 0,.
Initialy_NA = y_NA;

do // wtt]-ts y_NA TNCREMEM! >= s.oor{ -
n  =  0 ;

?" 
/ / :v{t/.tl,e InitialForce >= Axiaf p

TempForce  =  I n i t i a lFo rce ;
TempMom = In i t ia lMom,.
TenpconcForce = ConcForce:
TempsteelForce = glgslForce;
?empcurv = Curv,.
m  =  n  +  1 ;
y_NA = In i t i .a ly_NA + mr ( Increment)  , .

i f  (Axia lp lCounter]  >= 91 , / /  COMPRESSIT/E OR ZERO AXIAr LOADCurv = Topstra in/  (Sect ionDept i ,  _ 
-V'  

nat  ,e]-se / / TENSILE N(IAL IJOAD
{
Curv  -  (BotSt ra in /y  NA)  *  (  _1)  ;Topstrain = (SectionDepth _ y_NA),curv;

) -

Conc_Force_Mon (ConcForce, Conc!,tom, ConcFailure) ;Stee. l_Force_Mom (SteeLForce,  Steel t to i ,  SteelF,ai lure)  ;In i t ia lForce = concForce + steef force;
In i t ia lMom = CoDcMom + Stee1Mom,.

|  / /  eND op i lwHrLEn rni t ia lForce >= tx ia lp lcounter l
t th iLe ( In i t ia lForce >= A, :< iaLp lgounter]  )  ;

Initial.Y_NA = y-NA - Increment,.
fn i t ia lForce = TenpForce;
f nc remen t  -  I nc remen t / 1o ;
)  / /  sND oF  'WHILE '  I nc remen t  >=  0 .001
w h i l e  ( I n c r e m e n t  > =  0 . 0 0 1 ) ;

ConcForce = TempconcForce;
SteelForce = TempsteeLForce;
Curv = TempCurv;
Y _ N A = Y _ N A - 0 . 0 0 1 ;

Sectionlrlom = TenpMom;
|  / /  wo oF ' rF" tn i t ia lForce > A. :< ia lp lcounter l

I
I
I
I
I
t
t
I
I
I
I
I
t
t
t
t
t
I
I

i f  (Sect ionMom < 0)
{
w2 << se tc l r (RED)

<<,' \nBxecution has been haulted
<<,' \nBending mornent is enterino

for the current axiaL load case,,
the negalive range\n\n\n,, ;
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output<<, ' \nExecut ion has been haul ted for  the current  axiaf  load case, ,
<<' , \nBending moment is  enter ing the negat ive range\n\n\n ' , ;

b reak ;
I

I

/ / CHECK START OF YTELD OR STR.A]N HARDENING

for  (Count -O;  Count<Numst lay ;  ++Count )

1
s ts t ra in  =  (S tLayHt tcount l
i f  (S tSt ra in  <  0 )

Y_NA) rCurv;

S t s t r a i n  =  S t S t r a i n r  ( - 1 )  ;
i f ( s t s t r a i n  >=  Y ie fds t r eng l s t l , ayT ]?e l coun t l - 11 / ! r _o_E ts t l ayType t coun t l - 11 )

Y ie l d i ng lCoun t l  =  Y ie l d i ng lCoun t l  +  l ;
i f  (StStra in >= Stra inHardtSt layType ICount]  -11 )

Ha rden ing l coun t ]  =  Ha rden ing lCoun t l  +  1 ;
I

w2

I
I

<< setc l . r  (YELLOW)

< <  s e t i o s f l a g s  ( i o s :  :  f i x e d )  < <
< <  s e t w ( 8 )  < <  s e t p r e c i s i o n ( 1 )
< <  s e t w ( 1 1 )  < <  s e t p r e c j , s i o n ( 5 )
< <  s e t l ^ r ( 1 1 )  < <  s e t p r e c i s i o n ( 3 )
< <  s e t v r ( 1 2 )  < <  s e t p r e c i s i o n ( 5 )
< <  s e t h r ( 1 3 )  . <  s e t p r e c i s i o n ( 2 )
< <  s e t w ( 1 4 )  < <  s e t p r e c i s i o n ( 2 )

set iosf  lags ( ios :  :  shoupoint  )
<< Sect ionMom

<< Curv
<< Y-NA
<< Topstra in
<< ConcForce
<<  S tee lFo rce  <<  ' , \ n ' , ;

set iosf  lags ( ios :  :  showpoint  )
<< Sect ionMom

<< Curv
<< Y-NA
<< Topstra in
<< ConcForce
<<  S tee lFo rce  <<  , ' \ n , '  ;

s e t i o s f l a g s  ( i o s :  :  f i x e d )  < <
se tw  (8  )  . <  se tp rec j , s i on  (1 , )

E e t w ( 1 1 )  < <  s e t p r e c i s i o n ( 5 )
s e t h r ( 1 1 )  < <  s e t p r e c i s i o n ( 3 )
s e t w ( 1 2 )  < <  s e t p r e c i s i o n ( 5 )
s e t w ( 1 3 )  < <  s e t p r e c i s i o n ( 2 )
s e t w ( 1 4 )  < <  s e t p r e c i s i o n ( 2 )

oucput <<

for (Count
II

I
I
I
I
I
I
I
I
I

= 0; CountcNumstl,ay; ++Count,)

i f  (Y i e l d i ng  l coun t ]  ==  x )
I

w2  <<  se t c l r  (RED)

. .  " \ n  * r r  S tee f  f , aye r  No .  ' ,  <<  Coun t+1
< <  "  h a s  y i e l d e d  * r * \ n \ n r ' ;

ou tpu t  < .  " \ n  
r r  <<  I  r r  <<  i ' ' * *  S tee l  f aye r  No .  "

<<  Coun t+1  <<  "  has  y i e l ded  r * r \ n \ n " ;

)
i f  (Ha rden ing ICoun t ]  ==  1 )

1
ur2 << setc l r  (RED)

< .  , , \ n  * * i  S tee l  l a ye r  No .  ' ,

<< Count+l  << "  has entered stra in hardening rr i \n\nn -

ou tpu t  < .  " \ n  
n  <<  n  t r  <<  n  r r r  S tee f  l aye r  No .  "

<< Count+1 << "  has entered stra in hardening rr r \n\nn -

)
// Et{D oF "for' LooP

i f  ( concFa i l u re )
I

w2  <<  se t c l r  (RED)

<. ' , \n Fai lure in concrete
<<  " \ nEnd  o f  r un  #  "  <<  coun te r  +  1  << ' \ n \ n \n ' , '

output  . .  " \n Fai lure in concrete ========rr , '

break; // TERMINATE LooP

)
i f  (S tee lFa i l u re )
I
I

t r t2 << setcLr (RED)

< .  , , \ n  ======_=  Fa i l u re  i n  s t ee l
<< , ' \nEnd of  run # "  << counter + 1 << n\n\n\n";
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ou tpu t  . .  " \ n  Fa i t u re  i n  s t ee l  = -====== , , ;
break; // TERflINATE IJOOP

)

,// AD.TUST UNCONFINED CONCRETE LAYERS HEIGHT IF STRATN
if  (Y_NA <= Sect ionDepth)

t
Y_Ult = Y_NA + Unconultstrain/Curv;
l

for  (Count = 0;  Count < NumQonclay;  ++Count)
a
t

i f (Con fTypeNo l coun t ]  ! =  0 )  / /  I F  CONFTNED
cont lnue;

eJse / /  IF UNCONFTNED

i
sn i t ch  (Sec t i on )
I

EXCSEDS ULT. STRAIN

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

c a s e  ' P '  :
c a s e  ' p ,  :
i f  (Y_Ult  < BegHt lCount]  +TenplayHt [Count]

&& Y_Ult  > BegHt lcount ]  )
TemplayHt lCount] = y_Ult - BegHt [Coun!] ;

i f  (Y_ul t  <= BegHt [Count]  )
TemplayHt lcount l  = 0t

break; // nwo OF NON-CIRCULAR SECTION CASE

c a s e  r C '  :
c a s e  ' c '  r
i f  (Y-ul t  >= sect ionDepth/2 && y-ur . t  <= Li rn i t  + sect ionDepth/z)

Limi t  = y_Uft .  -  Sect ionDeprh/2;
break; // END OF CIRCULAR SECTION CASE
) // cr,osr swrrcg

| / / F,ND OF "else', ITNCONFINED
I / / F,ITD OF NFORtr I,OOP

k  =  k  *  1 ;

) // eND oF rrrArN Do lJoop
r rh i l e  (ConcFa i l u re  ! - 1  &&  S tee lFa i l u re  ! =  l ) ;

,/,/ RESET FAILURE EONDITIONS TO ZERO
/ /  / /  / /  / /  /  /  /  /  /  /  /  /  /  /  / /  / /  /  /  /  /  /  /  /
for  (Count=0;  Count<NurnSt l ,ay;  ++Count)
I
t

Y ie ld i ng lCoun t l  =  0 ;
Hardening [Count l  =0;

)
/  / /  /  /  /  / /  /  /  /  /  /  /  /  /  /  / / /  /  /  / / / /  /  / /  / /  /  /  /

// RESET TOP AND BOTTOM STRATNS TO ZERO
fopstra in = 0,
Bo t s t r a i n  -  0 ;

T / / EWO OF MAIN XFORN LOOP FOR DIFFERENT LOAD CASES

ou tpu t .  c l oEe  O  ;
) / / END OF lrArN FT,]NCTION

/ / THIS FIJNCTION DOES IJINEJAR INTERPOI,ATTON
double j .nt .erpolate(doubfe y1,  double y2,  double Xl ,  double X2,

double X)
t
doubfe X_TEMP;
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I
I
I
I

double Y;
X_TEMP = X2 -  X1;
i f  (X_TEMP < 0)

X_TEMP = (X_TEMP) r  ( -1)  ;
i f  (X_TEMP <=  1e -15 )

w  -  v1  -

e l s e
Y  =  Y 1  +  ( ( \ 2  - Y 7 l / ( X 2

r e t u r n  ( Y ) ;

) U/ eND oF FUNcrroN

x 1 ) ) * ( x  -  x 1 ) ;

/ / TIITS FUNCTION RETURNS THE UNCONFINED CONCRETE STRESS

/ / FOR A GIVEN STRAIN
double Unconstressstra in (double stra in)

i
double Stress;

i f  (S t r a i n  <=  0  l l  S t r a i n  >  Unconu f , t s t r a i n )

S t r e s s  =  0 ;

i f  ( s t r a i n  >  o  &&  s t r a i n  <=  unconS t ra i n )

Stress = unconstrengr (  2 rStra in/Unconstra in
-  pow  (S t ra i n /Uncons t l a i n ,  2 )  )  ;

i f  (Stra in > Unconstra in && Strain <= Unconul tStra in)

S l r ess  =  Uncons l r eng " (1  -  0 , 8 ' (S t ra i n  -  Uncons t ra i n )

/  (Unconul tst ra in -  UnconStrain)  )  ;

/ / APPI'Y MULTIPLIER AlilD EXPRESS STRESS IN Ksi

S t ress  .  F l exMu l t *S t ress /1000  ;
r e t u r n ( S t r e s s ) ;

) // sND oF PlrNcrroN

/ / THTS FIJNCTION RETI]RNS THE CONFINED CONCRETE STRESS

/ / cOF, A GIVEN STRJAIN
doub fe  con f s t r esss t ra i n (doub le  S t ra i n )

{

doub le  S t ress ,  E -sec ,  E -c ,  x ,  r ;

swi tch(ConcModel)  / /  OPEN SWITCH BASED ON CONC. UODEL

{
case 'K': // MODIFIED KENT Al{D PARK

c a s e  ' k ' :

i f  (S t r a i n  . =o  |  |  s t l a l n  >  con fu l t s t r a i n [ con fT ]?eNo tcoun t l  - 11  )

S t r e s s  =  0 ,

i f  ( s t r a i n  >  0  &&  S t ra i n  <=  con f s t r a i n lCon f r ypeNo lCoun t l - 11 )

Stress -  ConfStreng lconf?ypeNo ICount l  -1] '

(  (2 's t ra in/confstra in [ConfTS>eNo lcount]  -1 i  )
-  pot t (st ra in/ConfStra in lconf fyt teNolCount l  -11 ,  2)  )  ;

i f  (Stra in > Confstra in lconfTypeNotcount l  -11 &&

strain <= ConfUl tStra in IConfT]ryeNo lcount]  -11 )

Stress = ConfStreng [ConfTypeNo lcount]  -11

r  ( 1 -0 .8 i  (S t ra i n -Con fS t ra i n [Con f1 )4 )eNo l coun t ]  - 11  )  /
( conf Ultstrain IConf T1ryeNo I count] - 1 l

-  ConfStra in IConfT]?eNo lCount l  -11 )  )  ;

break; // END OF MOD. KENT & PARK OPTION

case 'M' : // !{AI{DER MoDEL

c a s e  r m ' :

i f  ( s r r a i n . -  0  l l  s t r a i n  >  con fu l t s t r a i n [ con fT l r yeNo l coun t ] - 11 )

S t ress  =  0 ;
e f se

I

E sec = Confs l reng[Conf l :aPeNotcount] -11 /

I
I
I
I
I
I
I
t
I
I
I
I
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Confstra in [conf?ypeNo ICount]  -  1 l  ;
E_c = 57000*sqrt  (Unconstreng) ;
x = Stra in/Confstra in [ConfTypeNo [Count]  -11 ;

r  =  E_c  /  l e_c  -  E_sec ) ;

st ress = ConfStreng IConfTlpeNo ICount]  -11 *1r t  7
( r  -  1 +  p o w ( x ,  r ) ) ;

) // nuo oF ELSE
break, '  / /  END OF MANDER'S OPTION

| / / ct osa swrrcH
/ / APPLY MT LTIPLIER .AND EXPRESS STRESS IN Ksi

s t r ess  =  F lexMu l t iS t r ess /1000 ;
r e t u r n ( S t r e s s ) ;

\ / / eND oF FuNcrroN

/ / THTS FI'NCTION RETI]RNS THE STRESS IN STEEL FOR A G]VEN STRAIN
doub le  s t ee l s t r esss t ra i n  ( doub le  s t r a i n )

{
doubl ,e stress;
i n t  Neg  -  0 ,
i f  (s t ra in < 0\  / /  TAKES EFFECT oF TENSION

{
N e g  =  1 t
S t r a i n  =  S t r a i n *  ( - 1 )  ;

)

i f  (S t ra in  <-  Y ie ldSt rengISt layT]?e lCount l -11  /
M_O_E lstlayTlrye lCount! -11 )

Stress = Slrain*M_O_E lStLayTlrye ICountl  -1] ;

i f  (Strain>Yieldstreng IStlayType lcount] -  1l /M_O_E IStlayType ICount] - 11
&& strain <= StrainHard IStl ,ayT]rye Icount] -11 )

Stress = Yiel.dStreng IstLayType ICount] -11 ;

i f  (S t ra in  >  S t ra inHard ls t layT)?e lcount l  -11
&& st,rain <= ultstrain IStl layT]pe lCount] -11 )

stress - Yiel,dStreng [Str,ayTFe [Count] -11 +
(Ultstress [Stl ,ayT)pe ICount] -11 -YieldStreng IStLayT]?e lcount] -1J ) '
(strain-strainHard Ist lay'I \Fe Icount] -11 ) , /
(Ultstrain IStl ,ayType ICountl  -1] -StrainHard IStlayT]4pe [Count] -11 ) ;

i f  (Strain > UltStrain IStl ,ayT]pe ICount] -11 )
S t r e s s  =  o ;

i f  (Neg) / /  IF TENSILE STRESSES
I

s t r e s s  =  S t r e s s *  ( - 1 )  / 1 0 0 0 ;
s t r a l n  =  s t r a i n r  ( - 1 )  ;

)
e l s e

S t r e s s  =  S t r e s E / 1 0 0 0 ;

r e t u r n ( S t r e s s ) ;

\  / /  tnp oF FtNcrroN

/ / THTS FT'NCTION CALCT'LATES THE CONCRETE FORCE AND THE CORRESPONDING

// MOMENT (AAOT'T PI,ASTIC CENTER} FOR A GIVEN STRAIN PROFILE.
void conc_Force_Mom(double &conc_F, doubfe &conc_M, int  &conc_Fai l )

{
/ / L,OCAJ,, VARIABLES
int  n, '
double conclayForce [20]  ,  concl ,awom[20] ;

I
I
I
I
I
t
I
I
I
I
I
I
I
I
I
I
I
I
t
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I
I

double Laycradient ,  s t r ipwd, st r ipY, st r iPstra in,  Str ipForce'

Str ipMom, Str iPstress,  PrevouterAlpha.  PrevfnnerAlPha,
prewouterA, PrevlnnerA, PrewouterY, PrevlnnerY, CurrentouterAlPha,

current lnnerAlpha,  CurrentouterA,  current lnnerA, CurrentouterY,

Current fnnerY, Str ipArea,  ConjSlr ipY, ConjStr ipstra in,

conjstr ipstress,  conjstr ipForce,  ConjStr ipMom, outerRad'

lnnerRad, OuterRat lo,  fnnerRat io;

Conc-F = O; // RESET FORCE IN CONCRETE To ZERO

Conc M = Ot // RESET MOMENT IN CONCRETE TO ZERO

Conc Fail = O; // RESET FAILURE CONDITION TO ZERO

LayG iad ien t=0 ;  S t r i pwd=0 ;  S t r i pY -O ;  S t r i pS t ra i n=0 ;  S t r i pFo l ce=0 ;

Str ipMom=0 ;  Str iPStress=0 ;

for (Count = 0; Count < Numconclay; ++Count) // FOR ALL CONC' LAYERS

{
ConclayForce lcount] = o i / / RESET LAYER FoRcE TO ZERO

conclayl4omlcountl = 0; //RESET I,AYER MoMErilr To zERo

swi tch  (  sec t ion)
I

C i S E  I  P I  :

c a s e  ' P r :
,/,/ NON-crRcutAR SECTIoNS

// CAICULATE FORCE AND MOME}T| IN O.O1' WIDE STRIPS

i f ( LayH t [ coun t )  ! =  0  &&  Temp layH t [Coun t ]  ! =0 )

I
f o r  ( n  =  1 ;  O .O1 'n  <=  Temp layH t tCoun t l  i  ++n )  / /  FOR ALL  STRIPS  IN  LAYER

Laycradient  = (Endwdlcount l  -  Begwdlcount l  ) /  Layn! [Count l  ;

S t r l pv l d  =  Begwd tcoun t l  +  ( n ' 0 . 01  -  0 . 005 )  *Layc rad ien t ;

i f  (LayGradient  <= 0)

S t r i p Y  =  B e g H t l c o u n t l  +  ( n - 1 ) r 0 . 0 1  +

o .  o1 i  ( 3 ' s t r i pwd  +  o .  oo5 r l , ayc rad ien t )  /  (S iS t r i pwd )  t

e l s e
S t r i p Y  =  B e g H t l C o u n t l  +  ( n - 1 ) * 0 . 0 1  +

o . O 1 r ( 1  -  ( 3 i s t r i P w d  +  O . o o S l L a y c r a d i e n t ) / ( 6 r S t r i p w d )  )  ;

s t r ipstra in = (st r ipY '  Y-NA) rCurv;

i f  (confrypeNolcount l  !=0) / /  FoR CoNFTNED LAYERS

if  (st r ipstra in >= conful ts t ra in lConfTlpeNolcount]  - : . ) ,  / /  FAILLIRE

Conc_Fai l  = 1;

S t r i ps t r esE  =  Con fS t resss t ra i n (S t r i ps t r a i n )  ;

)
else / / FOR T'NCONFINED LAYERS

St r i ps t r ess  -  Uncons t resss t l a i n (S t r i ps t r a i n )  ;

S t r i pFo rce  =  S t r i pS t ress rS t r iPwd*0 .01 t

Str ipMon = Str ipForce* (Str ipY -  PlCenHt)  ;

ConclayForcelCount l  = ConclayForcetCount l  + Str ipForce;

ConclayMomlCount] = conclayMom[Countl + StripMom;

) U z pxo oF 'FoRs LooP FoR AI,r, srRrPs rN A LAYER

) /z eND FOR NON-ZERo HETGHTS

break; // END OF NON-CIRCIU.AR SECTION CASE

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

case
case

// CIRCULAR SECTTON CASE

PTE1/OIIIETAIPhA = PIl2; // INITIAI' VALUE

PrevlnnerAfpba = PI/2; // INITIAL VALUE

OuterRad = OuterDia ICount i  /2;

InnerRad = InnerDia ICount]  /2;
PrevouterA = Cir-Seg-Area (OuterRad, PrevouterAlpha) ;

PrevouterY - Cir-Seg-Y(OuterRad, PrewOuterAlpha) ;

, ,11r. r r r .3X3! == 0)

{
PrevlnnerY = 0;
PrevlnnerA - 0,
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1

e l s e
I

t
PrevlnnerY = Cir_Seg_Y(lnnerRad, PrewlnnerAlpha) ;
PrevlnnerA -  Cir_Seg_Area ( InnerRad, PrevlnnerAlpha) ;
I

f o r  ( n = 1 ;  0 . 0 1 ' n  < =  O u t e r R a d ;  + + n )

{
Oute rRa t i o  =  0 .0 l . r n /Ou te rRad ;
CurrentouterAlpha = acos (outerRat io)  ;
i f ( 0 . 0 1 * n  = =  O u t e r R a d )

i
CurrentouterA = 0;
CurrentouterY = 0;
)
e l se

{
CurrentouterA - Cir_Seg_Area (OuterRad, CurrentoulerAlpha) ;
CurrentouterY = Cir_Seg_Y (OuterRad, CurrentOuterAlpha) ;
)

// IF STRIP IS WITHfN INNER CORE OF ZERO INNER DIA OR IT DOES NOT
// INTERSECT INNER CIRCLE OF A NON-ZERO INNER DIA LAYER
l f  ( f nne rRad  ==  0  |  |  0 . 01 *n  >=  I nne rRad )

{
CurrentlnnerA = 0;
CurrentlnnerY = 0;
)

else / / IF STRIP IS BETWEEN INNER ArilD OUTER CIRCTES

{
I nne rRa t i o  =  0 .  01 *n / l nne rRad ;
Current lnnerAlpha = acoa ( InnerRat io)  ;
Current lnnerA = Cir_Seg_Area ( f ,nnerRad, Current lnnerA).pha) ;
Current lnnerY = Cir_Seg_Y(InnerRad, Current lnnerAlpha) ;

)  / /  wo oF ELSE

StripArea c PrevouterA - PrevlnnerA -
(CurrentOuterA -  Current lnnerA) ;

Str ipY = Sect ionDepth/2 +
( Prevout e rAi prevouterY - Prevl nnerAr PrevlnnerY
- CurrentOuterAiCurrentouterY + CulrentlnnerA*CurrentlnnerY) /
Str ipArea t

ConjStr ipY = Sect ionDepth -  Str ipY;
str ipstra in = (st r ipY -  Y_NA)rcurv;
Conjstr ipstra in = (ConjStr ipY -  Y_NA) 'curv, '

i f  (confTlFeNolcount l  != 0)  / /  FoR CoNFINED LAYERS

{
i f  (Str ipstrain >= conf,UltstrainlconfTypeNoIcounE] - r)) / /  FAILITRE

Conc_Fail .  = 1;
Str ipstress = ConfStressstrain(St.r ipstrain) ;
Con jSt r ips t ress  =  ConfSt rcsas t ra in (Con jSt r ips t ra in ) ,
I
t

elee / / FOR UNCONFINED LAYERS
I

t
i f (Str ipY > Limi t  + Sect ionDepth/2)  / /  IN THE IJNCONFINED CRUSHED ZONE

St r i pS t ress  =  0 ;
e l e e

S t r i ps t r ess  =  UnconS t resas t ra i n  (S t r i ps t r a i n ) , '

ConjStr ipstress = UnconstressStrain (ConjStr ipstra in)  ;

)

StripForce = Str ipstressrstr ipArea;
ConJStripForce = ConjStr ipstress*Str ipArea;
str ipMom = Str ipForce* (Str ipY - PlCenll t) ;
conjStr ipMom = conjStr ipForcer (Conjstr ipY - PlCenHt) ;
ConclayForce lCount] = ConclrayForce lCountl + StriPForce

I
t
I
I
I
t
I
I
I
t
I
I
I
I
I
I
I
I
I
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I
I

+  con jS t r i pFo rce ;

Conclaytlomtcountl = ConclJayMomtcountl + StripMom
+ ConjStr ip l4om;

PrevouterA = CurrentouterA;

PrevlnnerA = Current lnnerA;
PrevouterY = Cur lentouterY;
PrevlnnerY = Current fnnerY;

) tl eND oF "FoR. LooP FoR AIJIJ srRrPs

break,. // EtrD oF CIRCULAR SECTION CASE

) // ct ose swrrcH

conc_F = Conc_F + conclayForce lCount] ;
Conc_M = Conc_M + ConclayMom[Countl ;

I / t sND OF .FOR' LOOP FOR AI,L LAYERS

\ / / eND oF FUNcrroN

/ / THIS FUNCTION CAI,CIILATES THE STEEL FORCES AND THE CORRESPONDING

,// MOMENTS (ABOUT PLASTIC CEMIER) FOR A GIVEN STRAIN PROFILE.

vo id  S tee l_Force_Mom(doub l 'e  &s tee l ' -F ,  doub le  &s tee l -M,

i n t  & s t e e l _ F a i l )

{
/ / LOCAL VARIABLES
double StLaystra in,  StLaystreBs,  St layForce,  Absststra in;

Steel_F = o;  /  /  RESET FORCE IN STEEL TO zERo

Steel._M = 0; / / RESET MOMENT To ZERO

Steel_Fai f  = Oi  / /  RESET FAIL, I IRE TO ZERo

s t l ays t r a i n  =  0 ;  s t l ayS t ress=0 ;  s t l ayFo rce=0 ;

for (Count - Or Count < Numstlay; ++Count) // FOF- AIL STEEL LAYERS

I
I
I
I
I
I
I
I
I
I
I
I

stlaystrain - (st layHt lcount]
i f  (S t lays t ra in  <  0 )
t qbss t s t r a i n  =  S t l ays t r a i n *  ( - 1 ) ;

i f  (AbsStStrain >= U1tstra in lst lay lypelCount]  -  l ' ) t  / /  FAILI 'RE

S tee l_Fa i f  =  1 ;

S t l ays t r ess  =  s tee l s t r esss t ra i n (S t l ays t r a i n ) ,

St layForce = St laystressrSt! ,ayArea ICount]  ;

Steel-M = Steef-M + St lJayForcei  (StLayHt lCount]  -  PICenHt)  ;

Steel_F .  Steel_F + St layForce;

/ / END OF ilFORN I,OOP

/ / ET{D OF FIJNCTION

/ / THIS FUN TION RETURNS THE AREA OF A CIRCI'LAR SEGMENT FOR A GIVEN

// RADIUS AT{D 1/2 THE SEGMENT ANGI,E

double Cir-seg-Area(double Radius,  double Alpha)

{
doub le  SegArea .  pow(Rad ius ,  2 )  * (A lpha -  s in (AIPha l rcos(A lpha) ) ;

re tu rn(SegArea) ;
)

// THTS FIJNCTION RETURNS THE DISTAIiTCE BETWEEN THE C'G' OF

// CIRCULAR SEGMENT AND THE CENTER OF THE SEGIIENT GTVEN

/ / THE SEGMEIiTT RADTUS AND 1/2 TIIE SEGMENT A}iIGLE

double c i r -seg-Y(double Radius,  double Alpha)

{

Y_NA)'Curv;
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double SinAng).e = s in(A1pha) ;
doub le  SegY  =  (2 *Rad ius /3 ) r  ( pow(S i r rAng le ,  3 )  ) , /

(Alpha -  s in (Alpha) rcos (Atpha) )  ;
r e t u r n ( s e g Y ) ;

)

/ / THIS FT'NCTION DISPI.AYS TITLE SCREEN AT THE BEGINNING OF
/,/ PROGRAM EXECUTION

void Dj .splay_Ti  t le_Screen (  )
{

/ / constream w3; / / CREATE DTSPLAy wrNDow
/ /  w 3 . w i n d o n ( 1 0 ,  4 ,  1 0 ,  2 O l ;

textbackground ( CYAlil) ;
c l r s c r  O  ;
textcolor  (BLACK) ;
g o t o x Y ( 3 5 , 6 ) ;
c p r i n t f ( " R C M C  t . 0 " ) ;
g o t o x y ( 2 3 , 7 )  ;
cpr int f  ( "A Computer Program for  Ca1culat ing, , )  ;
g o t o x y ( 1 8 , 8 ) ;
cpr int f  ( "Moment-Curvature of  Conf ined and Unconf ined, ' )  ;
g o t o x y ( 2 6 , 9 )  ;
cpr int f  (  "Reinforced Concrete Sect ions" )  ,
g o t o x Y ( 3 1 , 1 1 )  ;
c p r i n t f ( ' b y  N a d i m  L  W e h b e " ) ;
g o t o x y ( 2 4 ,  1 2 )  ;
cpr int f  (  "Department of  Civ i l  Engrneer ing /25e, ,1 ;
g o t o x y ( 3 0 , 1 3 ) ;

cp r i n t f  ( "Un i ve rs i t y  o f  Nevada " ) ;
go toxy  (31 , ,  14  )  ;
cp r i n t f  ( "Reno ,  Nevada  89557 " )  ;
g o l o x y ( 3 3 , 1 5 ) ;
c p r i n t f  1 t '  ( 7 0 2 )  ? 8 4 - 5 3 ? 9 " )  ;

tcxtcolor  (RED+BLfNK) ;
g o t o x y ( 2 5 , 1 9 ) ;
cp r i n t f ( "P ress  any  key  t o  con t i nue :  " ) ;
textcofor  (WHITE) ;
g e t c h o ;
textbackground (BLACK) ;
c l . rscr  (  )  ;

)

/ / THTS FUNCTION CHECKS VAIIDITY OF IMTEGER ENIRIES
void check_lnteger ( int  &Integer,  int  &val id i ty)

t
Val id i ty  =  1 ;
int Counts;
fo r  (Counte  =  0 ;  Counts  <  s t r len( In ts t r ing) r  ++CountE)

{
i f ( I n t s r r i n g l c o u n t s l  <  ' 0 '  l l  I n t s t r i n g l c o u n t s l  > ' 9 ' )

(
Va f i d i t y  =  2 ;
cout  << " \n\n\aEntry must be an integer!  TRY AGAIN\n";
break;

)
I

l

i f  ( va l i d i t y  ==  1 )
h tege r  .  a t o i  ( I n tS t r i ng ) ;

I
I
I
I
I
I
I
I
I
I
I
I
t
I
I
I
I
I
t
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I
I
I
I
I
I
I
I
l
I
I

) t t exa oF FUNcrroN

// tttts FTNCTION CHECKS VAI,IDITY OF REA], NI'MBER EMIRIES

void Check_Real  (doubfe &Real ,  int  &val id i ty)
I
I

va l i d i tY  =  1 ;
int NunDot = 0t

int  Counts;
for  (Counts = 0, .  Counts < str len(Realstr ing);  ++Counts)

t
i f  (RealStr ing ICounts l  == '  '  '  )

N u m D o t = N u m D o t + 1 ,
if (NuniDot > 1)

I
t

v a l i d i t Y  =  2 ;

cout  << . \n\n\a lnval id nunber format!  TRY AGAIN\n";

break;

)
i f ( R e a l s t r i n g l c o u n t s l  < ' 0 '  |  |  R e a l s t r i n g l c o u n t s l  > ' 9 ' )

{
i f (Rea ls t r ing ICounts !  !=  ' .  '  5 .&  Rea ls t r ing lcount ]  l=  '+ '

& &  R e a l s t r i n g l c o u n t s l  ! =  ' - ' )

t
v a l i d i t Y  =  2 ;

cout  << " \n\n\a lnvaf id number format!  TRY AGAIN\n";

b reak ;

)
)

i f ( C o u n t s  >  0 )

{
i ! ( R e a l S t r i n g l c o u n t s ]  = =  ' + '  I  I  R e a l s t r i n g l c o u n t s l  = =  ' - ' )

{
V a l i d i t y  =  2 ;

cout  << ' \n\n\a lnval id number format!  TRY AGAIN\n" '

b reak ;
I
t
\
t

)

l f  ( va l id i t y  = - -  t )
Real = atof {RealStr ing} ;

) // E![D oF FI]NerroN

I
I
I
I
I
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A.2 Examplelnput/Output

A.2.1 Cross Section

The cross section considered is shown in Figure A-1

Vgrtlcal brrc ars t ' l

FCrlfigtcr tiac Er(' )4 o 4' e/e
Crooo tiaD ,ra a4 t6 4" c/e

Figute A-1 Cross Section of Example Problem

A.2.2 Input Data

Unconfined Concrete Properties

f"' : 4OOO Psi
€" '  = O'O02
e, = O.OO4

Confined Concrete Properties

Confined concrete model: Mander et al. (as modified by Paulay and Priestley).
Assuming that the lateral steel has a yield strength of 6OOOO psi and an ultimate
strain of O.1 , the following confined concrete properties can be calculated:
f""' = 6525 Psi
e""' : O'0O83
eru : 0.0301

I
I
T
I
I
t
I
I
I
I
I
I
I
I
t
T
t
I
I
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I
l
I
I
I
I
I
I
I
I
I
I
I
I
I

f l ' . " J

Figure A-2 Goncrete Geometry Model in the Example Problem

Based on Figure A-2, the concrete geometry input data are as follows:

Steel Properties

Steel Tvpe 1 (#7 bars)
fv = 6500O Psi
E = 29OOOOOO psi
€"a = O'O1
f ,u = 106000 Psi
6 " ,  :  O ' 1 1

Concrete Geometry

The concrete geometry can be modeled using six layers as shown in Figure A-2.

Coaliaed

Vnc,onfiaad

m
E

tba' lr:']' lbo"

Lryaf
tlo.

E Olmhg
H.lght

thl

L!y.t
H.lght

th)

B.ehrtlte
Wldill

0nl

Endh0
Wld0r

tht
Conffn d Confimrnrr

lvpo

1 o.o0 1 . 7 5 14.OO 14 .87 No N/A

a 1 . 7 5 14.25 3.60 3.60 No N/A

16 .O0 14 .25 3.60 3.60 No N/A

4 30.25 1 . 7 5 14.87 t 4.oo No N/A

5 1 . 7 5 14.25 11.27 18 .40 Yes 1

6 t6.00 14 .25 18 .40 11 .27 Yes 1
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Stee/ Geometry

The steel geometry can be modeled using five layers of steel as shown in Figure
A-3 .

Lagcr 9, ?gpa | _

LaScr 4, Tgpt I 
_

L:gc1a, rUpgt _

Lagcr 2, ?gpc | 
_

!!sllr, rsPs I _

Figure A-3 Steel Geometry Model in the Example Problem

Based on Figure A-3, the steel geometry input data are as follows:

LrV.r llo. Hrlgln llnl Arr l.q, hl St . lT lD.

1 2.438 1 . 8 0 I

2 9 . 2 1 9 1 . 2 0 1

5 16.000 1 .20 I

4 22.781 r . 20 1

R 29.562 1 . 8 0 I

Axial Loads and Strength Reduction Factor

The cross section of Example 2 is analyzed under two axial load cases: 1OO.OO
Kips and 450.00 Kips. The strength reduction factor is 0.85.

I
I
I
I
I
I
I
I
I
t
I
I
I
I
I
t
t
I
I
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A.2.3

I  

t i t le :

I

Output File

Example Problem, Irregular Hexagon, Confined

* * * * * * * * * * * * * * * * * * * * * * *
* MATERIAL PROPERTIES *
* * * * * * * * * * * * * * * * * * * * * * t

I IJNCONFINED CONCRETE
I
I  -  = = = = = = = = =

l -
Strength (ps i )  Stra in at  Strength Ul . t imate Stra in

4 0 0 0 0 .  0 0 2 0 . 0 0 4

I
CONFINED CONCRETE
=  =  = = = = = = = = = = = = = = =

I confinement Model': Modified Mander

T)?e Strength (ps i )  Stra in at  StrengEh Ul ts imate Stra in

6 3 7 0 0 . 0 0 ? 9 0 . 0 2 8 5

I
STEEL

I =====
Yie ld  M .O .E  sL ra in  a t  U I t .  S t reng tsh  s t ra in  a t

I  Type (ps i )  (ps i )  Hardening (ps i )  Ul t imate
r
I

1  6 5 0 0 0  2 . 9 e + 0 7  0 . 0 1  1 0 6 0 0 0  0 . 1 1

I
I
I
I
I
I
I
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* * * * * * * * * * * * * * * * * * * * * *
* SECTION PROPERTIES *
* * * * * * * * * * * * * * * * * * * * * *

Sect ion is  non-c i rcu lar

Concrete Layers

I
I
t
I
t
I
I
I
t
I
I
I
I
I
I
I
I
I
t

I

3
4
5

Beg in .
Layer Height

N o .  ( i n .  )

Layer
Height
( i n .  )

Begin .
widrh
( i n .  )

Ending
widr.h
( i n .  )

C o n f .
Confined Tlpe

1  0 . 0 0
z  L .  t 5

3  1 6 . 0 0
4  3 0 . 2 5
q  1  ? R

6  r . 6 . 0 0

L , 7 5
1 4 . 2 5
1 4 . 2 5

r . . 7 5
1 4 , 2 5
1 4 . 2 5

1 4 . 0 0
3 . 5 0
3 . 5 0

L 4 . 8 ' 7
r t . 2 ' l
r . 8 . 4 0

] - 4 . 8 1
3 . 6 0
3 . 6 0

1 4 . 0 0
1 8  . 4 0
L t . 2 7

Area Steel
( sq .  i n .  )  T lpe

No N/A
No N/e
No N/a
No N/e

Yes L
Yes 1

tens ion  f ibers  =  16 .00  in .

::::1=::::::
Layer Height

N o .  ( i n .  )

1

1
1

1

1

Section Parameters

Sec t i on  Dep th  =  32 -00  i n .
C ross  sec t i ona l  a rea  =  575 .92  sq .  i n .
S teeL  a !€B  =  1 .20  sq .  i n .
S t e e f  r a t i o  =  1 . 2 5  t
Distance of  Plast ic  Center  to ext reme

2  . 4 4
9 . 2 2

1 5 . O 0
2 2 . 7 8
2 9 . 5 6

1 . 8 0
1 . 2 0
r . 2 0
1 . 2 0
r . . 8 0

289



* * *  * * * * * * * * * * * * * * * * * * * * * * * * * *
* MOME}flT-CURVATURE A}iIAIYSIS *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Run # 1-
Ax ia l  Load  =  100 .00  K ips

Moment Curvatsure
(K ip - i n )  ( r ad l i n )

Force in Force in
Top  S t ra in  Conc .  (K ips )  S tee l  (K ips )

Y_N.A
( i n )

I
I
I
I
I
I
I
I
I
I
I
I
I

0 . 0
8 7 1  . 3

1 3 9 6 . 4
1 8 7 9 . 6
2 3 5 8 . 1
2 8 3 4 . 4
3 3 0 4 . 5
3 '757  .7
4 2 2 2 . 9
4 6 6 9 . 4
5 1 0 6  .  9
5 5 3 4 . 7
5 7  6 2  . 4

q o ? 2  ?

6 r . 7 9 . 3
6 3 5 8 . 5

6 4 6 6  . 6
6 5 6 L . 2
6 6 5 2 . 7
5 7 4 0 . 8
6 8 2 4 . 6
6 8 9 4  . 7
696'7 - 9
7 0 0 7 . 6

' 1 0 2 8 . 5

7 0 4 1 .  O
7 0 5 2 . O
7 0 6 2 . t
7 0 7 L . 1
7 0 7 9 . 6
7 0 8 7 . 6
7  0 9 5  . 6

o . 0 0 0 0 0 0
0 . 0 0 0 0 0 7
0 . 0 0 0 0 1 6
0 .  o 0 0 0 2 6
0 . 0 0 0 0 3 ?
0 . 0 0 0 0 4 8
0 . 0 0 0 0 5 0
0 . 0 0 0 0 7 1
0 . 0 o 0 0 8 2
0 .  o 0 0 0 9 3
0 .  o 0 0 1 0 4
0 . 0 0 0 1 1 4
0 . 0 0 0 1 2 8

0 . 0 0 0 1 4 1
0 . 0 0 0 1 5 4
0 . 0 0 0 1 6 8

9  . 6 6 9
L 6 . 2 3 3
1 8 . 6 9 1
1 9 . 9 L 8
2 0 . 6 2 9
2 r . . 0 8 1
2 l _ . 3 8 5
2 r  . 5 9 8
2 1 . 7 5 0
2 1 . 8 6 0
2 t  . 9 3 9
2 2 . 2 0 L

0 . 0 0 0 0 5
0  .  0 0 0 1 5
0 . 0 0 0 2 s
0 . 0 0 0 3 5
0 . 0 0 0 4 5
0  .  0 0 0 5 5
0 . 0 0 0 6 5
0  .  0 0 0 7 5
0 .  o o o 8 5
0 . 0 0 0 9 5
0 . 0 0 1 - 0 5
0  .  0 0 L L 5
0 . 0 0 1 2 5

9 0 .  r . 5
9 1 . L 4

1 0 0 . 7 8
] - 1 4 . 7 7

1 3 0  . 4 5

) , 4 6 . 7 3

t 1  9  . 4 4
r . 9 5 .  s 0
2 1 L . 2 8
2 2 6  . 4 4
2 4 1  . 7 4

2 5 0 . 5 5

1 , 0 . 4 4

8 . 8 6

- 1 4 . 7 6

- 3 0 . 4 5

- 4 6 . 7 2
- o 3 .  L 2

- 7 9 . 4 ) .

-  9 5  . 4 7
- 1 1 1 .  . 2 3
- t 2 7 . O O
- 1 4 1 . 7 0

- 1 5 0 . 5 5

* * *  g l ss f  l aye r  No . t  has  v ie lded  * * *

* * *  S tee l  l aye r  No .  2  has  Y ie lded  * * *

0 . 0 0 0 3 0 8
0 . 0 0 0 3 2 5
0 . 0 0 0 3 4 1
0 . 0 0 0 3 5 8
0  .  0 0 0 3  7 4
o . 0 0 0 3 9 1
0 . 0 0 0 4 0 7
0 . 0 0 0 4 2 3

z z  .  $ z z

2 2 . 6 0 t
2 2 . 7 6 3

2 3 . 0 0 8
2 3 . 2 t 5
2 3 . 3 9 0
2 3 . 5 3 9
2 3 . 6 6 5
2 3 . - 1 6 5
2 3 . 8 4 2
2 3 . 9 3 2

No. 3 has

2 4 .  O 5 0
2 4  . 1 5 1
2 4 . 2 3 8
2 4 . 3 1 6
24 .38 '7
24 .45 :J .
2 4 . 5 0 9
2 4  . 5 6 \

0 .  00r .35
0  .  0 0 1 4 5
0 .  0 0 1 5 5

0 . 0 0 1 5 5
0 . 0 0 1 7 5
0 . 0 0 1 8 5
0 .  0 0 1 9 s
0 . 0 0 2 0 5
0 . 0 0 2 1 s
0 .  0 0 2 2 5
0 . 0 0 2 3 5

Y ieLded  * * *

0 .  0 0 2 4 5
0  .  0 0 2 5 5
0 .  0 0 2 6 5
0  .  0 0 2 7 5
0 .  0 0 2 8 5
0 . 0 0 2 9 s
0 . 0 0 3 0 5
0  .  0 0 3 1 5
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2 s 8  . 9 6
2 6 7  . 2 4
2 7 4 . 8 3

2 7 8  . 4 2
282 .  02
2 8 5  . 6 1
2 8 9 . t 3
292  .  s t
2 9 5  .  O 7
2 9 8  .  0 9
2 9 8  . 6 7

2 9 7 . 9 6
2 9 6 . 7 2
2 9 5  . 4 4
2 9 4 . t 5
2 9 2 . 4 0
2 9 L  . 4 5
2 9 0 . 0 8
2 8 8 . 7 3

- 1 5 8 . 9 s
- 1 6 7  . 2 4
- 1 ? 4 . 8 3

- 1 7 8 . 4 1
- l . e 2  .  0 2
- 1 8 5 . 5 7
- 1 8 9 . 0 7
- r 9 2 . 4 5
- 1 9 5 . 7 9
- 1 9 8 . 0 8
- L 9 9 . 2 2

- 1 9 7 . 9 3

- L 9 6 . 1 2

- L 9 5 . 4 2
- L 9 4 . 1 0

- L 9 2 . 7 8
- t 9 1 . 4 4
- 1 9 0 . 0 8

- 1 8 8 . 6 7

0 . 0 0 0 1 8 3
0 . 0 0 0 1 9 9
0 . 0 0 0 2 1 5
0 . 0 0 0 2 3 0
0 . 0 0 0 2 4 6
0 . 0 0 0 2 6 1
o  .  o o o 2 1 6
0 . 0 0 0 2 9 2

* * *  S tee l  l aye r



7 t o 2 . 6  0 . 0 0 0 4 4 0
7 t - L 1 . 1  0 . 0 0 0 4 5 6

2 4  . 6 0 9
2 4  . 6 5 2

z a . o 5 5

2 4  . 6 2 0
2 4 . 6 0 6
2 4  . 5 9 t
2 4  . 5 7 4
2 4 . 5 4 1
2 4  . 4 0 4
2 4 . 3 4 1
2 4 . 3 4 9

No .  2  has

2 4 . 3 6 3
2 4 . 3 1 t
2 4 . 3 ' , t 4
2 4 . 3 7 t
2 4 . 3 5 5
2 4 . 3 5 5
2 4 . 3 4 5
2 4 . 3 3 0

No .  5  has

2 4 . 2 3 2
2 4 . 2 2 6
2 4 . 2 t 9
2 4 . 2 t r
2 4 . 2 0 2

***  Steef  layer  No.  t  has entered st ra in hardeninq ***

o  .  0 0 3 2 5
o  . 0 0 3 3 5

2 8 7 . 3 2
2 8 5  . 9 2

2 8 6 . 6 9

- 1 - 8 7  . 2 7
- 1 8 5 . 9 1

- 1 4 6 . 7 4

- 1 8 7 . 6 0

- r . 8 8 . 4 0

-  1 8 9  .  1 . 5
- 1 8 9 . 8 8

- 1 9 0 . 5 3

- r 9 0 . 9 2
- 1 9 2 . 2 0
- 1 0 E  a t

- 2 0 0 . 3 9

-206  .01 ,
- 2 l t  . 4 8
- 2 t 6 . 7 9
- 2 2 L  . 9 2
- 2 2 6 . 8 r
- 2 3 1 . . 5 1
-236  .  04
- 2 4 0  . 4 6

- 2 4 4  . 8 0
- 2 4 8  . 9 t
- 2 5 2 . 7 9
- 2 5 6 . 6 2
- 2 5 9 . 5 L

t
t
I
I
I
t
I
I
I
I
I
I
I
I
I
I
T
I
I

7 L O 7  . 9  0 . 0 0 0 4 6 9  2 4 . 5 4 4  0 . 0 0 3 4 5

* * *  S t e e l  l a y e r  N o .  5  h a s  y i e l d e d  * * *

7 r , 0 3 . 9
7 0 9 9 . 5
7 0 9 4 . 3
7 0 8 A . 2
7  0 8 2  . 1
7 0 6 9  .  s
7 0 0 3  .  2
5 9 8 6 . 6
7 0 2 4 . 2

0  .  0 0 0 4  8 2
0 . 0 0 0 4 9 5
0 . 0 0 0 5 0 7
0 . 0 0 0 5 2 0
0  .  0 0 0 5 3 2
0 . 0 0 0 5 4 3
0 . 0 0 0 5 9 9
0 . 0 0 0 6 5 9
0 . 0 0 0 7 2 5

o . o o 0 ' 1 9 2
0 . 0 0 0 8 5 8
0 . 0 0 0 9 2 4
0 . 0 0 0 9 9 0
0  .  0 0 1 0 5 5
0 . 0 0 1 1 r . 9
0 .  0 0 1 1 8 2
0  .  0 0 1 2 4  5

0 . 0 0 3 5 5
0 . 0 0 3 5 5
0 . 0 0 3 7 s
0 . 0 0 3 8 5
0 . 0 0 3 9 5
0 . 0 0 4 0 5
0 . 0 0 4 5 5
0 . 0 0 5 0 5
0 . 0 0 5 5 5

0 . 0 0 6 0 s
0 . 0 0 6 5 5
0 . 0 0 7 0 5
0 . 0 0 7 5 5
0 . 0 0 8 0 5
0 . 0 0 8 5 5
0 .  0 0 9 0 5
o .  0 0 9 5 s

2 8 7 . 5 5
2 8 8 . 3 8
2 8 9 . 1 4
2 8 9 . 8 3
2 9 0 . 5 1
2 9 0 . 8 8
2 9 2 . 1 4
2 9 5  .  0 7
3 0 0 . 4 L

* * *  s tee l  l aye r entered st ra in hardeninq **r

7 0 7 t . 7
7 L t - 9 . 1
7 L 6 5  . 4
7 2 L O  . 4
7 2 5 5 . 3
7 2 9 8 . - l
? 3 4 0 . 5
7 3 8 2  . 5

7 8 0 9 . 1
7 8 4 t  . 6
7 8 7 3 . 7
7 9 0 5 . 2
7 9 3 6 . 1

* * *  S tee l  l aye r  No .  3  has  en te red  s t ra in

0  .  00 r_3  08
0 . 0 0 r . 3 7 0
0 . 0 0 1 4 3 1
0 . 0 0 r _ 4 9 2
0 . 0 0 1 5 5 2

0  . 0 1 0 0 s
0  . 0 1 0 5 5
0  .  o 1 1 0 s
o .  o r - 1 5 5
o . 0 1 2 0 5

Y ie lded  * * *

0 . 0 r - 2 5 5
0 . 0 1 3 0 5
0 . 0 1 3 5 5
0 . 0 1 4 0 5
0 . 0 1 4 5 5
0  .  0 1 5 0 5

3 0 5 . 0 7
1 1 ' 1  t r q

3 r _ 6 . 8 1
3 2 L . 8 4
3 2 6 . 7 8
3 3 1 . 5 0
3 3 6 . 0 2
3 4 0  . 4 6

hardening ***

3 4 4  . 6 8
3 4 8 . 7 9
3 5 2  - 7 7
3 5 6  . 4 9
3 6 0 .  r . 9

2 4 . 3 1 4
2 4 . 2 9 6

2 4 . 2 7 6

24.25 ' ,7
2 4 . 2 4 5

N o .  4  h a s

2 4 . 2 4 9

2 4 . 2 5 0
2 4 . 2 4 8

2 4 . 2 4 4

2 4 . 2 3 9

2 4 . 2 3 6

7  4 2 2  . 7
7  4 6 2  . 4
7 5 0 1 . 5

7 5 3 8  .  0
7 5 7 9  . 6

? 6 1 0  .  1
7 6 4 4 . 5
7682  .  s
' 771 ,O  .6
7 7 4 3 . r
7 7 7 6 . 4

3 6 t -  . 4 L
3 6 3 . 2 0
3 5 5 . 5 5
3 6 6 . 6 7
3 6 8  . 4 1
3 5 9 . 9 0

- 2 5 1  . 3 8
- 2 6 3 . 1 7
- 2 6 4 . A 6

- 2 6 6 . 6 9

- 2 6 8 . 4 L

- 2 6 9  . 9 2

* * *  s tee l  l aye r

0 . 0 0 r . 6 r . 9
0 . 0 0 r - 5 8 4
0 . 0 0 L 7 4 6
0 . 0 0 L 8 1 2
0 . 0 0 1 8 7 5
0 . 0 0 1 9 3 9

* * *  s tee l  layer

0 . 0 0 2 0 0 2
0 . 0 0 2 0 6 5
o .oo2 t2?
0 . 0 0 2 1 8 9
0 . 0 0 2 2 5 1

entered sLra in hardeninq ***

0 . 0 1 5 5 s
0 . 0 1 6 0 5
0 . 0 1 6 5 5
0 . 0 1 7 0 5
0 . 0 1 7 5 s
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s I L . 5 5

3 7 2 . 7 8
3 7 4 . 2 3
3 7  5  . 6 4
3 1 7 . 0 4

- 2 7 1 . 3 9
- 2 7 2 . 8 5
- 2 7 4 . 2 8
- 2 7 5 . 7 0
- 2 7 7  . t O



I
I
I
I
I
t
I
I
l
I
I
I
I
I

7 9 6 6 . 7
7 9 9 7  . t
8026 . ' 7
8 0 6 0 . 9
8 0 8 4 . 9
8 r . 1 3 . 3
8 r , 4 1 . 3
8 1 5 9 . 0
8 1 9 6 . 2
8 2 2 3 . 2
8 2 4 9 . 9
8 2 7 6 . 6
8 3 0 2  . 4
8 3 2 8 . 1
8 3 s 3 .  s
8 3 7 8 .  I
8 4 0 3  . 4
8 4 2 8 . 0
8 4 5 2 . 5
8 4 7 6 . 4
8 5 0 0 . 0
8 5 2 3 . 5
8 5 4 5 . 9
8 5 5 9 . 9
8 5 9 2  . 9
8 5 1 5 . 1
8 6 3 7 . 6
8 6 5 9 . 9
8 6 8 1 .  s
8 7 0 3 . 3
8 7 2 4 . 6
8745  .  O
8 7 6 7  . t
8 7 8 7  . 7
8 8 0 8  . 4
8 8 2 9 . 1
8 8 4 9 . 5
8 8 1 5  .  9

0 . 0 0 2 3 1 2
0 . 0 0 2 3 7 3
0 . 0 0 2 4 3 3
0 . 0 0 2 4 9 0
0 . 0 0 2 5 5 3
0 . 0 0 2 5 1 2
o .  002672
0 . 0 0 2 7 3 0
0 . o o 2 7 8 9
0 . 0 0 2 8 4 6
0 . 0 0 2 9 0 4
0 . 0 0 2 9 5 1
0  .  003  0 r .8
0 . 0 0 3 0 7 5
0 . 0 0 3 1 3 1
0 . 0 0 3 1 8 7
o . 0 0 3 2 4 3
0 . 0 0 3 2 9 8
o . 0 0 3 3 5 3
0 . 0 0 3 4 0 8
0 . 0 0 3 4 5 2
0 . 0 0 3 5 1 7
o . 0 0 3 5 7 0
o  .  0 0 3 6 2 4
0 . 0 0 3 5 7 7
0 . 0 0 3 7 3 1
0 . 0 0 3 7 8 4
0 . 0 0 3 8 3 6
0 . 0 0 3 8 8 9
0 . 0 0 3 9 4 1
0 . 0 0 3 9 9 3
0 . 0 0 4 0 4 4
0 . 0 0 4 0 9 5
o .  oo4L47
0 . 0 0 4 1 9 8
o  . 0 0 4 2 4 9
0 . 0 0 4 3 0 0
o  .004322

2 4 . t 9 2
2 4 . r 8 I
2 4 . ] . ' 7 0
2 4 . 1 5 8
2 4 . t 4 5
2 4 . t 3 2
2 4 . t t g
2 4 . t 0 5
24  .  O9 r
2 4 . O 7 6
24  .  06 !
24  .  O45
2 4  . 0 3 0
24 .O1 ,4
2 3  . 9 9 8
2 3 . 9 8 1
2 3 . 9 6 5
2 3  . 9 4 8

23 .9 'J ,4
2 3 . 8 9 7
2 3 . 8 8 0
2 3 . 8 6 2
2 3 . 8 4 s
23  .82 '7
2 3 . 8 1 0
2 3 . 7 9 2
2 3 . ' 7 7 4
2 3 . 7 5 7
2 3 . 1 3 9
2 3 . 7 2 r
2 3 . 7 0 3
2 3 . 6 8 5
2 3  . 6 6 8
2 3  . 6 s 0
2 3 . 6 3 2
2 3  . 6 1 4
z 5  . 4 1 !

0  .  0 1 8 0 5
0  . 0 L 8 5 5
0 . 0 1 9 0 5
0 . 0 r . 9 5 5
0  . 0 2 0 0 5
0 . 0 2 0 s s
0  . 0 2 r . 0 5
0  .  0 2 1 5 5
o  .  o 2 2 0 s
o . 0 2 2 5 5
0 . 0 2 3 0 5
0  . 0 2 3 5 5
0 . 0 2 4 0 5
0 . 0 2 4 5 5
0  .  o 2 s 0 s
0 . 0 2 5 5 5
0 . 0 2 6 0 5
0 . 0 2 5 5 5
0 . 0 2 7 0 s
0 . 0 2 7 5 5
0 . 0 2 8 0 s
0 . 0 2 8 5 5
0 . 0 2 9 0 s
0 . 0 2 9 5 5
0 . 0 3 0 0 5
0 . 0 3 0 5 5
0 . 0 3 1 0 5
0 . 0 3 1 5 5
0 . 0 3 2 0 5
0 . 0 3 2 5 s
0 . 0 3 3 0 s
0 . 0 3 3 s 5
0 . 0 3 4 0 5
o . 0 3 4 5 5
0 . 0 3 5 0 5
0 . 0 3 s 5 s
0 . 0 3 5 0 5
0 . 0 3 6 5 s

3 7 8  . 4 3
3 7 9 . 8 4
3 8 1 " . 1 7
3 t J J .  Z L

3 8 3 . 8 4
3 8 5 . 1 4
3 8 6 . 4 0
3 8 7 . 6 6
3 8 8 . 9 1
3 9 0 .  r . 5
3 9 r . . 3 8
3 9 2  . 6 4
2 0 2  ? O

3 9 4  . 9 9
3 9 5 . r . 5
3 9 ? . 3 5
3 9 8 . 4 5
3 9 9 . 6 0
4 0 0 . 7 5
4 0 1 . 8 5
4 0 2  . 9 2
4 0 4 . 0 0
4 0 5 .  l - 1
4 0 5 . 1 5
4 0 7  . 2 5
4 0 8 . 2 3
4 0 9 . 2 9
4 r . 0 . 3 4
4 t  r _ . 3 0
4 L 2 . 3 t
4 4 3 . 2 9
4 1 4 . 2 8
4 L 5 . 2 7
4t6 .  t6
4 1 7 . t 2
4 1 8 . 0 9
4 1 9 . 0 3
4 J . 8  . 6 7

- 2 7 8  . 4 8
- 2 7 9 . 8 4
- 2 8 t . 2 0
- 2 8 2  . 4 0
- 2 8 3  -  8 4
- 2 8 5 . 1 s
- 2 8 6 . 4 4
- 2 8 7  . 7 L
- 2 8 8 . 9 8
- 2 9 0 . 2 2
- 2 9 r  . 4 5
- 2 9 2 . 6 5
- 2 9 3  . 8 6
- 2 9 5 . 0 s
' 2 9 6 . 2 2
- 2 9 7 . 3 7
- 2 9 8 . 5 3
- 2 9 9 . 6 6
- 3 0 0 . 7 8
- 3 0 1 . 8 9
- 3 0 2  . 9 9
- 3 0 4 .  O 8
- 3 0 5 . r . 4
- 3 0 6 . 2 1 ,
- 3 0 7  . 2 5
- 3 0 8 . 3 0
- 3 0 9 . 3 3
- 3 1 0 . 3 4
- 3 1 1 . 3 5
- 3 1 2 . 3 5
- 3 1 3 . 3 4
- 3 r . 4  . 3 1 _
- 3 J . 5 . 2 ' 7
- 3 1 6 . 2 5
- 3 t ' 7 . 2 0
- 3 1 8 . 1 3
- 3 1 9 . 0 6
- 3 1 8 . 7 7

= = = = = = = =  F a i l U f e  i n C o n c f e t e  = = = = = = = =
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * *
* MOME}TT-CURVAT'URE ANALYSIS *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * *

I
I
I
I
I
T
I
I
I
I
I
I
I
I
I
I
t
I
t

R u n # 2
Ax ia l  Load  =  450 .00  K ips

Moment

lit:_::l
0 . 0

9 l - 9  . 4

1 8 2 8 . 7

2 6 7 3 . 9

3 3 3 3  . 5

3 8 8 3 . 8

4 3 1  0  . 9

4 8 1 8  . 4

5 2 3 9 . 7

5 6 4 1  . 6

6 0 2 8 . 1

5 4 0 3  . 4

6 7 6 6 . 8
1 L 2 0 . ' 7
' t  4 6 4  . 7
7 ' 7 9 8  . 9

8 1 2 4 . 3

8 4 4 0 . 0

8 6 7 9 . 6

8 8 1 8 . 8
4 9 4 5  . 4

9 0 5 4  .  0

9 t 6 r . 2
9259 .  O

9 3 s 8 . 7

9 4 5 2 . 5
9 4 9 7 . 9

Curvature

i:::1 t:l
0 . 0 0 0 0 0 0
0 . 0 0 0 0 0 6
0  .  0000 r .2
0 . 0 0 0 0 r . 9
0 . 0 0 0 0 2 5
0 . 0 0 0 0 3 3
0 . 0 0 0 0 4 1
0 . 0 0 0 0 4 9
0 . 0 0 0 0 5 8
0 . 0 0 0 0 6 6
0 . 0 0 0 0 ? 5
0 . 0 0 0 0 8 4
0 . 0 0 0 0 9 3
0 . 0 0 0 1 0 2
0 . 0 0 0 1 1 1
0 . 0 0 0 1 2 0
0  .  0 0 0 1 2  9
0  .  0 0 0 1 3  I
0 . 0 0 0 1 4 8

Y _ N . A

l::l _
- 2 t  . 4 3 8

- 2  . 9 1 4
3 . 3 6 4
7  . t 7 6
9 . 7 5 9

1 1 . 6 r . 4
r . 3  . 0 0 4
t4  .  o7 ' t
t 4  . 9 2 5
r _ 5 . 6 0 7
1 6  .  1 6 4
1 6 . 6 2 4
t '7  .  oo7
L 7 . 3 2 8
r . 7 . 5 9 8
t 7  - 8 2 6
1 . 8 . 0 2 0
1 8 . 2 4 4

l:: ::::t:
0 . 0 0 0 2 3
0 . 0 0 0 3 3
0 . 0 0 0 4 3
0 .  o o o 5 3
0 . 0 0 0 6 3
0 . 0 0 0 7 3
0 . 0 0 0 8 3
0 . 0 0 0 9 3
0 . 0 0 1 0 3
0  .  001 r ,3
0 . 0 0 1 2 3
0 . 0 0 1 3 3
0 . 0 0 1 4 3
0 . 0 0 1 5 3
0 . 0 0 1 6 3
0 . 0 0 1 ? 3
0 . 0 0 r . 8 3
0 . 0 0 1 9 3
o .  0 0 2 0 3

Force in

lTt_ lli::l
402  .  OO
4 0 1 . 6 0
4 0 1 . 1 9
4 0 1 . 1 0
4 0 3 . 1 9
4 0 7 .  r . 8
4 L 2 . 7 0
4 L 9 . 1 0
4 2 6 . 9 2
4 3 5 . 1 4
4 4 3  . 8 7
4 5 2  . 9 2
4 6 1 . . 8 1
4 7 L . 5 0
4 8 0 . 8 4
4 4 9 . 7 4
4 9 9 . 3 2
5 0 8  . 2 9
5 1 4  . 4 0

Force in

::::i_ii:::l
4 8 . 2 3
4 8  . 4 0
4 8  . 8 L
4 8  . 9 1
4 6 . 8 2
4 2 . 8 2
3 ' 7 . 3 2
3 0 . 5 7
2 3 . 0 9
1 4  . 8 6

6 . 1 6
- 2 . 8 8

- 1 2 . 3 3
- 2 t . 4 ' l
- 3 0 . 8 3
- 4 0 . 3 9
- 4 9 . 2 6
- 5 8 . 2 6
- 6 4 . 3 6

* * *  s tee l  l aye r  No . t  has Yie lded ***

***  Steel  layer

* * *  S tee l  l aye r

t 8 . 4 9 4  0 . 0 0 2 1 3
1 8 . 7 0 0  0 . o o 2 2 3
l _ 8  . 8 7 0  0 . 0 0 2 3 3
1 9 . 0 1 ?  0 . 0 0 2 4 3
L 9 . L 4 7  0 .  0 0 2 5 3
t 9 . 2 6 2  0 . 0 0 2 6 3
L 9 . 3 6 4  0 . 0 0 2 ? 3
1 9 . 4 5 9  0 . 0 0 2 8 3

No .  2  has  Y ie lded  * * *

No .  5  has  Y ie lded  * * *

0  .  0 0 0 1 5 8
0 . 0 0 0 1 5 8
0  .  0 0 0 1 7 8
0 . 0 0 0 1 8 7
0 . 0 0 0 1 9 7
0 . 0 0 0 2 0 7
0 . 0 0 0 2 1 6
0 . 0 0 0 2 2 6

5 L 6 . 5 3
5 1 9 . 1 9
5 2 0  . 6 8
s 2 2  . 9 6
5 2 4 . 1 8
5 2 5 . 3 0
5 2 7 . a 6
5 2 9 . t t

- 6 7  . t 4
- 6 9 . 1 8

- 7 t . 3 6

- 7 2 . 9 a
- 7 4 . 9 2

- 7 6 . 2 9

- 1 1 . 8 6
- 7 9 . 0 8

-  8 0  . 4 5
- 8 L . 7 7
- 8 3 . 0 3
- 8 4 . 2 6
-  8 5  . 4 1

9 5 0 4  .  5
9 5 0 8 . 9
95r. r .  .  9
9 s 1 2 . 7
9 5 L 2 . 4

0 . 0 0 0 2 3 5
0 . 0 0 0 2 4 5
0  .  0 0 0 2 5 4
0 . 0 0 0 2 6 3
0  .  0 0 0 2  7 3

r . 9 . 5 4 0
t 9 . 6 l . 2
1 . 9 . 6 7 5
L 9 . 7 3 2
1 9 . 7 8 r -

0 . 0 0 2 9 3
0 . 0 0 3 0 3
o . 0 0 3 1 3
0 . 0 0 3 2 3
0 . 0 0 3 3 3
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5 3 0 . 4 9
5 3 1 . 8 0
5 3 3  .  O 9
5 3 4 . 2 1
5 3 5 . 4 6



9 5 1 0  . 4
9 5 0 7 . 3
9 5 0 2 . 6
9 4 9 6  . 9
9 4 9 0 . 0
9 4 8 2 . 2
9 4 6 0 . 5
9 3 4 5 . 7
o ? ? o  1

9 4 4 7  - O

95t '7  -2

9 5 4 4  . 6

0 . 0 0 0 2 8 2
0  .  0 0 0 2  9 1
0 . 0 0 0 3 0 0
0 . 0 0 0 3 0 9
0 . 0 0 0 3 r . 8
0 . 0 0 0 3 2 7
0 . 0 0 0 3 3 5
0 . 0 0 0 3 7 7
o  .  o o o 4 2 2
o . 0 0 0 4 5 9
o . 0 0 0 5 1 5
o . 0 0 0 5 6 6

* * *  S tee f  l aye r

1 9 . 8 2 5
r . 9 . 8 6 3
r _ 9 .  8 9 7
t 9  . 9 2 6
1 9 . 9 5 1
t 9  . 9 7 2
L 9  . 9 8 2
' r  o  o < E

2 0 . 0 8 1
2 0 . 2 0 0
2 0 . 2 9 7
2 0  . 4 6 4

No .  t  has

0 . 0 0 3 4 3
0 . 0 0 3 5 3
0 .  0 0 3 5 3
0 . 0 0 3 ? 3
0 . 0 0 3 8 3
0 . 0 0 3 9 3
0 . 0 0 4 0 3
0 . 0 0 4 5 3
0 . 0 0 5 0 3
o .  0 0 5 s 3
o . 0 0 6 0 3
0 . 0 0 6 5 3

0 . 0 0 7 0 3
o .  0 0 7 5 3
0 . 0 0 8 0 3
0 . 0 0 8 5 3
0 . 0 0 9 0 3
0 . 0 0 9 5 3

0 . 0 1 0 0 3
0 . 0 1 0 5 3
0 . 0 1 1 0 3
0 . 0 1 1 5 3
0 . 0 1 2 0 3
0 . 0 1 2 s 3
0 . 0 1 . 3 0 3

0 . 0 1 3 5 3
0 . 0 1 4 0 3
0 . 0 1 4 5 3
0 . 0 r - 5 0 3
0 . 0 r . 5 5 3
0 . 0 1 , 5 0 3
0 . 0 1 6 5 3
0 . 0 1 ? 0 3
0 . 0 1 7 5 3
0 . 0 1 8 0 3
0 . 0 1 8 5 3

entered st ra in

0 . 0 1 9 0 3
0 . 0 1 9 5 3
0 . 0 2 0 0 3
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5 3 6  . 5 5
5 3 7 . 6 2
s 3 8 . 5 9
5 3 9 . 5 4
5 4 0 . 4 4
5 4 L . 3 0
5 4 1 . 2 3
s 4 3 . 0 5
5 4 8 . 3 3
s 5 4  .  5 0
5 6 0 . 5 6
5 6 0 .  s 0

- 8 5 . 5 2
-  8 ' 7  . 57
- 8 8 . 5 8
- 8 9 . 5 2
-  9 0  . 4 1
- 9 t . 2 3
-92  .  06
- 9 3 . 1 1
- 9 8 . 2 9

-  L04  .  4 r .
- 1 1 0 . 5 2
- 1 1 0 . 5 0

I
I
l

entered st ra in hardeninq ***

Y ie lded  * * *

9 5 7 7  . 2

9 6 0 8 . 4

9 6 3 7 . 5
9 6 5 9 . 3

9 6 9 1 . 1

9 7 r 7  . 7

9 7 4 5 . 3

9 7 6 4 . 8
q ? Q E  ?

9 8 1 9 . 8
9 8 4 2  . 5
9 8 6 4 . 7
9 8 8 5 . 0

o . 0 0 0 6 1 7
0 . 0 0 0 6 5 9
0 . 0 0 0 7 2 1
o . 0 0 0 7 ? 3
0  .  0 0 0 8 2 4
0 . 0 0 0 8 7 6

0 . 0 0 1 2 8 8
0 . 0 0 1 3 4 0
o  .  0 0 1 3  9 1
o . 0 0 : J . 4 4 2
o . 0 0 r - 4 9 4
o . 0 0 1 5 4 5
0 . 0 0 1 5 9 5
0 . 0 0 1 6 4 7
0  .  0 0 1 5  9 8
0  .  0 0 1 7 4  9
0  .  0 0 1 8  0 0

Steel  laYer

o . 0 0 1 8 5 1
o  . 0 0 1 9 0 2
0  .  0 0 1 9 5 4

s 6 0 . 3 3
5 6 0 . 2 5
5 5 0 .  r . 6
5 5 9 . 4 3
5 6 0 . 1 7
5 5 0 . 2 9

5 5 0 . 5 8
5 5 0 . 0 5
5 6 1 . 0 2
s 6 1 . 2 6
5 6 L  . 4 4
5 6 1 . 5 3
5 6 t . 7 6

- 1 1 0 . 3 0
- 1 1 0 . 1 ?
- 1 1 0 . 1 2
- 1 1 0 . 3 3
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======== Fa i lu fe  j .n  conc fe t .Q ========
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A.2.4 Moment-Gurvature Plot

The moment-curvature for the example problem is plotted using the software
EXCEL@. The plot is shown in Figure A-4.

P  = 1 @ K i p s

P =45O Kips

0.@2 0.@25 0.oo3 0.oo35
Curvature (radlnl

o.oo4 0.@45

Figure A-4 Moment-Curvature Plot for the Example Problem
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APPENDIX B

PLOTS OF EXPERIMENTAL MEASUREMENTS

Appendix B presents plots o{ experimental results that are not presented in

Chapter 5. The plots represent measured lateral loads versus strains in longitudinal

and lateral steel as well as measured moment-curvature relationships.

The experimental measurements for Specimens A1, A2, 81 , B,2, LS and HS

are presented in Sect ions 8.1,  8.2,  8.3,  8.4,  8.5 and B.6,  respect ively.
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