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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national center
of excellence in advanced technology applications that is dedicated to the reduction of earthquake
losses nationwide. Headquartered at the State University of New York at Buffalo, the Center was
originally established by the National Science Foundation in 1986, as the National Center for
Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions throughout
the United States, the Center’s mission is to reduce earthquake losses through research and the
application of advanced technologies that improve engineering, pre-earthquake planning and
post-earthquake recovery strategies. Toward this end, the Center coordinates a nationwide
program of multidisciplinary team research, education and outreach activities.

MCEER'’s research is conducted under the sponsorship of two major federal agencies, the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA), and the
State of New York. Significant support is also derived from the Federal Emergency Management
Agency (FEMA), other state governments, academic institutions, foreign governments and
privateindustry.

The Center’s FHW A-sponsored Highway Project develops retrofit and evaluation methodologies for
existing bridges and other highway structures (including tunnels, retaining structures, slopes,
culverts, and pavements), and improved seismic design criteria and procedures for bridges
and other highway structures. Specifically, tasks are being conducted to:

» assessthe vulnerability of highway systems, structures and components;

 develop concepts for retrofitting vulnerable highway structures and components;

* develop improved design and analysis methodologies for bridges, tunnels, and retaining
structures, which include consideration of soil-structure interaction mechanisms and their
influence onstructural response;

+ review and recommend improved seismic design and performance criteria for new highway
structures.

Highway Project research focuses on two distinct areas: the development of improved
design criteria and philosophies for new or future highway construction, and the development of
improved analysis and retrofitting methodologies for existing highway systems and structures.
Theresearchdiscussedinthisreport isaresult of work conducted under the new highway structures project,
and was performed within Task 112-D-5.2(a), “Capacity Detailing of Membersto Ensure Elastic Behavior”
ofthat project as shown in the flowchart on the following page.

The overall objective of this task was to develop seismic design and capacity detailing recommen-
dations for portions of highway bridge substructures that do not particpate as primary energy
dissipation elements. This report describes the development of deterministic procedures to obtain



overstrength factors for bridge columns on the basis of moment-curvature analysis. The authors
propose a simplified design methodology based on plastic analysis of overstrength moment capactiy,
and demonstrate the methodology through its application to a design example.
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ABSTRACT

The capacity design philosophy has now become the design norm for the seismic
design of most structural systems. For bridge systems, this means it is necessary to
assess the overstrength capacity of columns prior to proceeding with the design of the
foundation and superstructure. This research is devoted to developing deterministic
procedures to obtain overstrength factors for column elements. For this purpose, a
moment-curvature approach is explored. A parametric study is then conducted to
investigate the factors that effect overstrength. A simplified design methodology is
proposed based on plastic analysis of overstrength moment capacity. A design example

showing the step by step procedure is also presented.
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SECTION 1
INTRODUCTION

1.1 BACKGROUND

In the seismic design of bridge structures, there is now a common awareness that
excessive strength is neither essential nor desirable for good performance in strong earthquakes.
The emphasis in seismic design has shifted from resistance of large seismic forces to the control
of deformations. Hence inelastic structural response (specially for large earthquakes in a multi-
level design space) has become the expected norm when designing a structure to resist

earthquake forces.

It is also well accepted that certain modes of inelastic behavior are more desirable than
others. This is because undesirable behavioral modes may lead to failure, while others provide
a controlled ductile response; an essential attribute of maintaining strength while the structure
is subjected to reversals of inelastic deformations under seismic response. Therefore,
undesirable inelastic deformation modes can be deliberately avoided by amplifying their strength
in comparison with those of the desirable inelastic modes. Thus, for concrete structures, the
required shear strength must exceed the required flexural strength to ensure that inelastic shear

deformations, associated with large deterioration of stiffness and strength, do not occur.

It has also become a norm that seismic design should encourage structural forms that
possess ductility. This relates to the careful choice of plastic hinge locations where plastic
flexural deformations may occur. These plastic hinges are designed for high ductility while
potentially brittle sections of the structure are designed for a higher strength capacity than those
of the plastic hinge sections. These concepts form the basis of the capacity design philosophy

currently followed in many seismic design codes.

To summarize, capacity design requires: (i) selection of a suitable structural configuration

for inelastic response, (ii) selection of suitable and appropriately designed plastic hinge locations

1



for inelastic deformations to be concentrated, and (iii) creation of suitable strength differentials
so that inelastic deformations do not occur at undesirable locations or by undesirable structural

modes.

1.2 PLASTIC HINGE ZONES

In plastic hinge regions that support significant axial load, the ultimate compression strain
of unconfined concrete is inadequate to allow the structure to achieve the desired level of
ductility. Closely spaced transverse reinforcement in conjunction with longitudinal reinforcement
acts to restrain the lateral expansion of concrete, enabling higher compression stresses and more
importantly, much higher compression strains to be sustained by the compression zone before
failure occurs. Therefore, by providing a nominal strength in plastic hinge zones greater than
that required from the earthquake forces and by designing the column for a high ductility by
confining the plastic hinge section, both the objectives of required strength and high ductility,

required for capacity design, can be fulfilled in concrete columns.

1.3 OVERSTRENGTH FACTORS IN CONFINED CONCRETE COLUMNS

In capacity design the prevention of undesirable inelastic deformation modes is usually
achieved by ensuring that the section strength exceeds the demands originating from the
overstrength of plastic hinges. Overstrength of a plastic hinge section takes into account all
possible factors that may contribute to strength exceeding the nominal strength provided. Hence,
determination of overstrength factors is very important in capacity design to maintain the correct

hierarchy of capacities and hence, of failure modes and locations for the structure.

This can be illustrated by the example shown in figure 1-1 which represents a concrete
bridge with a plastic hinge zone designed at the base of the column. The required strength of
the bridge deck has to be assessed assuming the deck itself as a brittle section with no capacity
for inelastic deformations. If M, is the real provided nominal moment capacity of the plastic
hinge zone and M,, is the overstrength moment capacity at the center of the hinge length due

to confinement of concrete and strain-hardening of the longitudinal steel, then the moment

2



o \
| N _— |
N T \ JHONE.

Seismic Design Moment that requires
additional strength to be provided by
the bridge deck \

//
Mpo= >\moMn/ My = VP (.l:__-f_d_>
2
Z 2 M,
L Le > Vp = _L:L
1 ~* " ~Plastic hinge
E— zone
Mpo = plastic overstrength moment

(a) Longitudinal Response

Z 2M N\
L Lc / v P cho N
Plastic hinge
-z — zone
Mpo Mpo

(b) Transverse Response

Figure 1-1 Capacity Design of Bridges using Overstrength Concepts.
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overstrength factor (4, ) is defined as:

A, = My,
mo Mn

-1

The minimum (dependable) design moment at the center of the bridge deck is found by
extrapolating the overstrength moment (M,,) to the center of the bridge deck. This connection
moment is then distributed to the two bridge beams in ratio of their relative stiffness. For the

example shown in figure 1-1, the moment at the center of the deck for an integral construction

is given by

1-2)

Md= A'mal‘ln(l“‘.d)

L

c

where L is the column length, d is the depth of the deck, and L_ is the column length minus the
plastic hinge zone length. This moment is then distributed into the deck based on the relative
stiffness of each span and resisted either by providing additional prestress, supplementary mild

steel reinforcement, or both.
1.4 PREVIOUS RESEARCH

Most of the previous research has been limited to the development of constitutive
relationships for confined concrete and very limited research has been conducted on the

overstrength factor determination of confined concrete.

Kent and Park (1971), and Mander et al. (1988a) proposed analytical models for confined
concrete which are most frequently used in analysis nowadays. Ang et al. (1985) proposed an
empirical equation for determination of moment overstrength factors in concrete columns based
on the results from the experiments conducted on confined concrete columns. The results from
the experiments and the proposed equations are shown in figure 1-2. However, the research
lacked an in-depth study on the effects of various material and sectional parameters which
significantly affect overstrength factors. Andriono et al. (1986) used the statistical results of the

stress-strain properties of the steel reinforcement to determine the moment overstrength factors
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Figure 1-2 Moment Overstrength Factors for Confined Concrete Columns at

different Axial Load Levels by Ang et al (1985).



of reinforced concrete beam sections. This study was limited to beam sections and hence axial

loads which have significant effect on overstrength factors were not considered.
1.5 OUTLINE OF THIS STUDY

In this study, an attempt has been made to develop deterministic analytical procedures
for moment-curvature analysis and hence to determine the overstrength factors for concrete
columns. The effects of various material and sectional properties on the overstrength factors has
also been studied. This study is reported in two parts. The first part deals with development
of the procedure to conduct moment-curvature analysis using a Gauss Quadrature integration
scheme. The latter part deals with presentation of results obtained from the parametric study
conducted on overstrength factors. The proposed theory is validated with experimental results.
An axial load-moment interaction curve approach is proposed for determining overstrength
factors to be used as part of the capacity design process. This uses a plastic analysis approach
where special stress block factors are used to determine the plastic strength contribution of the
concrete. Explicit stress block parameters that take confinement into consideration are developed
from a proposed stress strain relationship of concrete. Design recommendations are then made

based on the analytical studies conducted herein.



SECTION 2
MOMENT-CURVATURE ANALYSIS: A TOOL FOR DETERMINING
OVERSTRENGTH FACTORS

2.1 INTRODUCTION

This section presents a moment-curvature analysis procedure for columns with confined
concrete. By determining the maximum obtainable moment capacity (M,,), the overstrength

capacity can be defined as

2-1)

where M, = provided nominal moment capacity that is defined in accordance with the usual
AASHTO/ACI design approach —that is elasto-plastic steel behavior together with the Whitney

stress block. The theoretical basis of the moment-curvature analysis procedure is presented in

the following subsections.
2.2 MOMENT-CURVATURE ANALYSIS OF A CONFINED CONCRETE COLUMN

For a given cross sectional strain profile, the moment capacity (M) of a section (figure
2-1) can be determined by using two equilibrium equations in conjunction with strain
compatibility. For a given concrete strain in the geometric centroid of the section ¢, and section

curvature ¢, the strain at any location can be found from

g, = &y *+ Y (2-2)

where y denotes the location of the point from the geometric centroid of the section with the
convention positive downward. Steel strains e, e,,, £, ... can be determined using the same

equation and the stresses £, f.,, f,; ... corresponding to these strains can be evaluated from stress-



(a) Rectangular Section

() Circular Section

Figure 2-1 Sectional Parameters for Rectangular and Circular Sections.
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strain curves of steel. Steel forces may then be determined from the steel stresses and steel

areas. For the bar i, the force equation is

F; = fu4, 2-3)

St

Force equilibrium requires
n
Cc * z_l: Asifsi =P u (2-4)

where C, is the sum of concrete forces from confined core concrete and unconfined cover

concrete obtained by integrating the respective concrete stresses over the cross sectional area

in compression as

ffnoct e
Normalizing
Cc - Pu i Asi si (2-6)

A, fA, ¥ flA

The moment-curvature relationship for a given axial load level is determined by
incrementing the curvature ¢. For each value of ¢, the centroidal strain e, is found by
adjusting it until the force equilibrium of equation (2-4) is satisfied. The internal forces and

centroidal strain so determined are then used to calculate the moment M
n
M=Uﬁya@+a%&x @7

In order to evaluate the integral in equation (2-5) and (2-7) and to maintain generality
without sacrificing accuracy, a numerical integration strategy that employs Gauss Quadrature

is investigated.



2.2.1 Gauss Quadrature Technique

Gauss Quadrature is a very powerful method of numerical integration which employs

b
unequally spaced intervals. The numerical integration of f f(x)dx is given by

1= Qw,f(x;) +w,f(x,) + -+ w f(x,)] 2-8)

where x, are the » equally spaced points determined by the type and degree of orthogonal
polynomial used, and the w, are the weight factors associated with each integration point.

The quantity Q is a constant determined by the limits of the integral and expressed as

Q =(b-a) 2-9)

Thus by using Gauss Quadrature, it is possible to break down any difficult integral into a
summation of discrete products with an associated weight factor. Although this form of
numerical integration is widely applied to finite element analysis, the use of this technique in
moment-curvature analysis is new and appealing due to its simplicity. The weight factors to
be used for integration are dependent on the degree of polynomial used and can be obtained
from any textbook on mathematical functions (e.g. Chapra and Canale, 1985). The weight
factors and integration points for 4, 5 and 6 Gauss points with limits from O to 1 are shown
in table 2-1.

10



Table 2-1 Integration Points and Weights for Gauss Quadrature

Order Integration Points Weight Factors Truncation Error

4 0.069432 0.173928
0.330009 0.326072 1 F® (&)
0.669991 0.326072 3.473 % 10°
0.930568 0.173928

5 0.046910 0.118463
0.230765 0.239312
0.500000 0.284450 1 F00 (£
0769235 0.239312 1.238 X 109
0.953089 0.118463

6 0.033765 0.085617
0.169395 0.180381
0.380690 0.233957 1 FO ()
0.619310 0.233957 1.426 X 10°
0.830605 0.180381
0.966235 0.085617

Although it is obvious that the level of numerical accuracy improves with the higher
number of Gauss points, it was observed through a number of test runs that an optimum level
of accuracy is achieved by the use of fourth and sixth order polynomials for rectangular and
circular sections respectively. The use of a higher order polynomial for circular sections was
necessitated by the added non-linearity involved due to the shape of the section. A typical
example of a comparison of an "exact" analysis and the Gauss Quadrature method is shown in
figure 2-2. Here the results of a rigorous fiber element analysis of a circular section are
compared with a six point Gaussian integration scheme using the parameters listed in table
2-1.

2.2.2 Moment Curvature Analysis using Gauss Quadrature Technique

For a confined concrete column, the moment capacity of eccentric compressive concrete

stress block consists of the following:

11



MOMENT CAPACITY (Mu\fc AgD)

0.15
0.121
0.09-
0.06- ———— EXACT
——— QUADRATURE
0.03-
0 . : : :
0 0.02 0.04 006 008 0.1
CURVATURE x D

Figure 2-2 Comparison of the Exact and Gauss Quadrature Method for Moment

Curvature Analysis.
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M, =M +M+M_ (2-10)

where M, = the ultimate moment capacity of the section for a given curvature ¢ that also has
an associated centroidal strain e, and neutral axis depth ¢ (figure 2-1), M, = moment generated
by the longitudinal reinforcement, and M,, M, = moment generated by the cover and core

concrete respectively.

Following the numerical integration scheme, the axial load contribution from the concrete

(both cover and core) can be calculated as

6
Cc =c E Wi (bv fco + bcf;:c)k (2-11)
k=1

where w, = weight factor, b, ,b, =breadth of the cover and confined core concrete, f, , f,, =cover
and core concrete stress at the k-th Gauss point and ¢ = depth of the neutral axis. The moment

capacity of the reinforcing steel can be calculated taking moment of all the steel forces about the

middle of the section. Hence,
Mz=3 Aifuy (2-12)

in which i = index to refer to the i* layer of steel, 4; = = area of steel in the i* layer, £, = the
steel stress corresponding to calculated steel strain, and y, = the distance from the mid-depth

reference axis to the center of the i longitudinal reinforcement. Using the same integration

scheme, the concrete contribution to the moment can be calculated as

c

6
M, + Mcc =c kz=:1 wk yk (bof;:o + bcf;:c)k (2-13)

where the symbols are as explained previously. The term y, in equation (2-13) refers to the

distance of the k-th Gauss point from the middle of the section.

If the centroidal strain e, and curvature ¢ are known, the axial force (P,) and the

moment (M,) can be easily calculated. But normally the inverse problem in which ¢, and ¢ are
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to be determined from known values of P, and M,, or a mixed problem, is encountered. In this
case, some degree of iteration is required to find a solution. The Newton-Rhapson algorithm

can be utilized for the purpose. Considering the first terms only in the Taylor’s series expansion

€0,y _ Eo, Aeox 2-14)
¢i+l ¢i A¢.'

where the incremental strain Ae, and curvature A¢, are determined from

oP, OP,
AP"‘ ) dg, db Aso, (2-15)
AM"( ._aﬂ % A¢i

de, db

Using the first row of equation (2-15), Ag, can be solved as

oP,
AP, - o Ad,

Ac, = = 2-16)

de,

where the partial differentials are evaluated using a numerical differentiation technique.

2.2.3 Stress-Strain Relations for Concrete and Steel

Appropriate stress strain models for confined and unconfined concrete need to be used
for the evaluation of the concrete component of the moment. Although significant research has
been performed on formulating appropriate stress-strain models (eg. Popovics (1973), Kent and
Park (1971)), most of them are unable to accurately control the descending branch of concrete
for both confined and unconfined cases. However, Tsai’s (1988) equation, capable of describing
the behavior of both confined and unconfined concrete fairly satisfactorily, was chosen for
describing the stress-strain behavior of concrete. The parameters to be used in the equation are
based on the recommendations made by Chang and Mander (1994). These were calibrated

against actual experiments to improve the quality of analytical predictions. The stress-strain
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model (refer to figure 2-3) together with the parameters necessary for determining the confined

concrete behavior are described in Appendix A.

Reinforcing Steel Stress-Strain Relations: Reinforcing steel forms an important component of
structural concrete. Hence, accurate modeling of its behavior is important. For nominal
strength calculations, an elasto-perfectly-plastic stress-strain model is customarily assumed.
However, for a rigorous moment-curvature analysis capturing the effects of the strain-hardening
branch is important since large moment capacity of the section may be obtained at very large

strains.

In this study, the stress-strain behavior of reinforcing steel considering the strain
hardening branch can be accurately represented by the single relationship suggested by Chang

and Mander (1994), which is given by
esu - es
o~ 8sh

in which, e_ = strain hardening strain, f, = ultimate stress, E, = strain hardening modulus,

Ece 1+sign(e -¢e)
{rmtcscg.

2-17)

e, = ultimate strain of reinforcement and the power p is given by

(2-18)

Based on the Chang and Mander model (1994), the stress-strain curves for typical grades of steel

reinforcement are plotted in figure 2-3.

2.3 NOMINAL MOMENT CAPACITY
The nominal moment capacity of a section (M,) is derived from the code specified

nominal material strength properties. Thus, the nominal moment capacity of a concrete section

is the capacity of the section calculated with the following assumptions:
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Figure 2-3 Constitutive Relations for Unconfined and Confined Concrete and Reinforcing
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1) The whole section consists of unconfined concrete with a strength of 7.
2) Ultimate compression strain of 0.003 exists at the extreme compression fiber.
Hence, the concrete stress can be represented by a Whitney type stress block of magnitudee, f/

and depth B, ¢, ¢ being the neutral axis depth. The values of the stress block parameters are
discussed in detail in section 4.

3) Elasto-perfectly plastic stress-strain curve for steel is assumed. Thus

f=Ee 2-19)

sS

in which E, = Young’s Modulus, e, = strain at any stress f,, f,= yield stress. Using Chang and

Mander’s model, the bilinear curve can be represented by a single equation

25} 0.04 2-20)

The nominal moment capacity of a section consists of the following:

i) Moment due to compression stress block (M,,).

ii) Moment due to reinforcing steel layers (M,,).

i) Moment Due to Compression Stress Block

This is calculated by considering stress block parameters defined by AASHTO/ACI codes
(discussed in detail in section 4) and using the unconfined concrete strength. Hence, nominal

moment of the concrete stress block with respect to mid-axis of the section is

Mo =05ap,|<|1 -8 i] (2-21)
faD ‘(D)[ '(D)

where o, 8, = stress-block parameters of unconfined concrete as defined by AASHTO/ACI codes,

D= overall depth, c=is the neutral axis depth from the top fiber of the compression zone and

is calculated as
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c
(—c—) = c (2-22)

ii) Moment Due to Reinforcing Steel Layers

Moment carried by the reinforcing steel is same as calculated as in equation 2-10 by

calculating £, using the AASHTO/ACI code bilinear model for steel.

The section dimensions, strain compatibility and force equilibrium for nominal moment

capacity of a section are shown in figure 2-1 for both rectangular and circular columns.

2.4 EXAMPLES

The moment overstrength theory presented so far is best illustrated with a numerical
example. Two illustrative analyses are performed. The results are plotted in figure 2-4. The

first example (figure 2-4(a)) shows the effect of confinement on the moment overstrength. In
this case, a constant axial load is maintained so that P, =0.1 fc’ A, while the confinement ratio

(refer to Appendix A) is varied from K =1.0 to XK=2.0. From the analysis it is evident that the
column section. with a higher level of confinement provides a higher value of the overstrength

capacity.

The second example (figure 2-4(b)) shows the effect of axial load on overstrength
capacity. For this purpose a column section is chosen with a confinement ratio of 1.5 in the
core. The axial load is varied from 0.0 to 0.5. The column with a higher axial load gives a
higher value of the maximum moment. The overstrength factor however, is larger at higher and
lower axial loads respectively. The column section chosen is 915mm in diameter with a clear
cover 51 mm up to the hoop reinforcement which consists of 13 mm diameter spirals. Concrete
in the column is assumed to have an unconfined compression strength of 30 MPa and29 mm

diameter longitudinal steel of yield strength 450 MPa.
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2.5 CONCLUSIONS

In this section, a complete procedure to determine the ultimate moment capacity of
concrete columns was presented. Expressions were derived for the moment capacity of confined
and unconfined concrete columns using the Gauss Quadrature numerical integration scheme. It
was that the procedure of moment-curvature analysis can be easily automated and lends itself
for application in spreadsheet-type programming. This is very useful, specially for highly
irregular cross sections where the usual fiber element method may prove time consuming. This
procedure was used to conduct moment curvature analysis of a number of concrete sections to
determine their overstrength capacity and hence conduct a parametric study on the overstrength

factors. The results of the parametric study are presented in the next section.
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showing (a) effect of confinement and (b) effect of axial load on overstrength.
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SECTION 3
MOMENT OVERSTRENGTH ANALYSIS FOR COLUMN SECTIONS

3.1 INTRODUCTION

In the seismic design of structures using the capacity design philosophy, the designer
chooses a hierarchy of plastic failure mechanisms. Flexural inelastic modes of deformation
which provide ductility are preferred and all undesirable inelastic deformation modes which
potentially could lead to brittle failure are prevented by deliberately amplifying their strengths
in comparison to desirable modes. Flexural modes, being ductile, are the preferred inelastic
modes of deformation. Moreover, brittle regions are protected by ensuring that their strength
exceeds the demands originating from the maximum flexural strength of plastic zones. Hence,
determination of overstrength moment of flexural plastic zones beyond their ideal strength is of
paramount importance in capacity design. This section demonstrates the methodology of
overstrength factor determination using the moment-curvature analysis for concrete columns
presented in the previous section. Results of a parametric study are presented for different
concrete sections showing the effects of different constituent material properties and geometric

factors on overstrength. The results are discussed and compared with experimental observations.
3.2 OVERSTRENGTH FACTORS USING MOMENT CURVATURE ANALYSIS
Overstrength of a section (S,) is the strength above the nominal strength taking into

account all possible factors that may contribute to strength exceeding the nominal value. For

a confined concrete column, the following factors contribute to overstrength:

i) Compression strength enhancement of the concrete due to its confinement.
ii) Additional strength enhancement of steel due to strain-hardening at large
deformations.

iii) Steel strengths greater than the specified yield strength.
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The overstrength of a section is related to the nominal strength (S,) of the same section

by

S, =AS G-1)

where A= the overstrength factor due to strength enhancement of the constituent materials. This

is an important property that must be accounted for in the capacity design when large ductility
demands are imposed on the structure since brittle elements must possess strengths exceeding

the maximum feasible strength (overstrength) of ductile plastic hinge zones.

To quantify the hierarchy of strength in ductile structures, it is convenient to express the
overstrength of a member in flexure (S,=M,,) at a specified section in terms of the nominal

flexural strength (S, = M, ) at the same section. The ratio so formed,

2, = Mo
mo M"

(3-2)

is defined as the moment overstrength factor. The moment overstrength factor (1, ) of a plastic
hinge zone can be obtained by determining the maximum moment capacity of a confined
concrete section. The maximum moment is found by conducting a moment-curvature analysis
of the section. Hence using the proposed analytical procedure, parametric studies were conducted
to assess overstrength factors for unconfined and confined columns. The results are presented

below.
3.3 Unconfined Concrete Columns
The effects of the following parameters on moment overstrength of plastic hinge zones

of unconfined concrete columns was studied and the results are plotted in figure 3-1 and 3-2 for

circular and rectangular sections, respectively.
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(i) Percentage of Steel: Analytical studies were conducted for following percentages of
steel: 0.5, 1.0, 1.5, 2.0. It can be observed from the figures 3-1 and 3-2 that the effect of
percentage of steel on moment overstrength is not very significant in the medium axial load
levels for both circular and rectangular sections. However, for both column shapes,
overstrength increases with decreasing percentage of steel at high axial load levels. Similar
results are also noticed at low axial load levels both for circular and rectangular sections. Note
that the effect of percentage of steel on rectangular sections is more pronounced than circular

sections especially at low axial load levels.

(ii) Strength of Steel: The following strengths of steel were considered,

f, = 300,450,550,870 MPa. It may be observed that increasing the yield strength of steel
increases moment overstrength at high levels of axial load for both circular and rectangular
sections. The same trend is also observed even at low levels of axial load for both circular and

rectangular sections.

(iii) Concrete Strength: Parametric studies were conducted for concrete compressive
strengths of f,=30,45,60 MPa. From figures 3-1 and 3-2, it may be observed that the effect of
concrete strength is minimal on moment overstrength at high levels of axial load. For
rectangular sections this effect is more significant when P,<02f] A, when the overstrength tends

to be affected by the variation in concrete strengths.

It can be concluded from the above observations that moment overstrength in unconfined
concrete columns is most pronounced at low (P,<0.15f/4 ;) and high (P, >0.55 7 4,) levels of axial
loads. The latter case rarely exists for bridge columns, whereas for building columns it is the
general norm. In summary, the contribution to overstrength in unconfined concrete columns is
due to large strains in the flexural reinforcement at low axial load levels. The effect of strain-
hardening in the flexural reinforcement leads to moment overstrength at high ductility factors.
Based on this analysis, it is recommended that a value of A, = 1.2 be adopted as a conservative

estimate of overstrength in unconfined concrete columns.
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3.4 Confined Concrete Columns

As compared to unconfined columns, significant moment overstrength may be observed
at both high and low levels of axial loads for confined concrete columns. At high axial load
levels, overstrength is due to the increased influence of the confined compression strength of
concrete. At low levels of axial loads, larger moment overstrength arises because large
compression strains can be sustained in the steel leading to strain hardening of the steel. This
subsection presents the results of the parametric study on confined concrete columns under
combined axial load and flexure. Studies were conducted to determine the effect of following

parameters on the moment overstrength factor for the standard confinement ratios,

K(=fLIf) =10, 12, 15, 20:

3.4.1 Effect of Longitudinal Steel Volume

Analytical studies were conducted for following volumes of steel: 0.5, 1.0, 1.5, 2.0 and
the results are plotted in figures 3-3 and 3-4 for circular and rectangular sections. It may be
observed from these figures that at low levels of axial loads, moment overstrength increases with
increasing steel volume. At low levels of axial loads, maximum moment takes place at very
high strains and is mainly due to the strain-hardening effects of steel. Hence, as the proportion
of the steel contribution to total moment increases with increasing steel volumes, the moment

overstrength factor also increases.

For higher levels of axial load, moment overstrength is not governed by the steel but
rather by the confined concrete contribution. This is due to the fact that at higher values of axial
load, much of the flexural steel remains in the elastic zone. In figures 3-5 and 3-6, the same
data is presented in order of increasing confinement ratio corresponding to a particular
longitudinal steel volume. The graphs clearly show the importance of the confined concrete
strength in the computation of overstrength as the value of X influences the overstrength over

the entire axial load range.
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3.4.2 Effect of Longitudinal Steel Strength

The following steel strengths were considered, f, = 300, 450,550,870 MPa and the results
are shown in figures 3-7 and 3-8. It may be observed from these figures that at lower levels of
axial loads, moment overstrength increases with increasing longitudinal steel strength. Steel
moment from strain hardening depends upon ¢, , ¢, and the ratio of £, / f,- As the steel strength
increases, e, and e, occur at much lower strain (figure 2-4) and high steel moments at lower
strains are obtained where concrete moment is still high and therefore larger moment
overstrength factors are obtained. Steel with f,=870 MPa differs from the normal behavior of
lower strengths at low levels of axial load because e, and e, occur at very low strains and
hence at low axial loads, maximum moment occurs at strain, e, > e, and hence lower moment
overstrengths are observed. It is also observed that at high axial load levels, moment
overstrength increases in the same way with higher steel strengths although the difference
between various varieties of steel is less significant. This is because the moment overstrength
factor (,,) can be expressed as a combination of the concrete and steel capacities as explained

below:

A= M,, = M, + M, + Ms)o
" M" (Mc + Mcc + Ms)n

(3-3)

where M, = the ultimate moment, M, = the nominal moment, M, ,M, = the unconfined and
confined concrete contribution to respective moments, M,= the steel contribution to the
respective moments. At high levels of axial load, due to the force equilibrium requirements,
with increase in steel strength, C, increases and hence moment of concrete, (M, +M, ), and
(M_+M_), increases but increase in (M, +M, ), is much more than (M, +M,_ ), and hence, with
steel strength, moment overstrength increases as seen in equation 3-3. The effect of confinement
for a particular steel strength is illustrated by figures 3-9 and 3-10 where the results are plotted

in order of increasing confinement. As expected, the overstrength increases with confinement

over the entire axial load range for both circular and rectangular sections.
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3.4.3 Effect of Concrete Strength

The studies were conducted for the following concrete maximum compressive strength,
f1=30,45,60 MPa and results plotted in figures 3-11 and 3-12, respectively. It is well known that
as the compressive strength of concrete increases, concrete toughness (and hence ductility)
decreases. Therefore, moment increase with increasing curvature takes place more slowly.

However, at low levels of axial load, the maximum moment occurs at high strains where the

concrete has little influence on the moment capacity, as demonstrated by similar overstrength
factors obtained for all ranges of f/ when P,<0.05f/ A,. At high levels of axial load, moment

capacity is dominated by the concrete component when the concrete with a higher strength has
a more significant effect than a lesser strength variety. This is particularly observable at higher

confinement where the overstrength tends to increase with higher concrete strengths beyond

P/f 4,>0.65. The effect of confinement corresponding to any particular concrete strength is

portrayed by the graphs in figures 3-13 and 3-14, where the overstrength increases with

increasing concrete strength irrespective of sectional shape.
3.4.4 Effect of Longitudinal Steel Placement

The distance between the extreme compression fiber and the center of the transverse
reinforcement has significant effect on moment overstrength as it determines the strain and hence
the stress in the longitudinal reinforcement and the percentage of confined concrete in the
section. This effect was studied by considering the following values of the distance between the
extreme compression fiber and the center of the transverse reinforcement normalized with
respect to the total depth of the section,(0.0,0.1,0.2 ). The results obtained are plotted in figures
3-15 and 3-16.

Moment overstrength decreases with increasing distance between the extreme
compression fiber and the compression reinforcement and it is observed that axial load level does

not have any effect on the behavior of overstrength factors. This occurs because with increase
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Figure 3-14 Influence of Concrete Strength on Moment Overstrength for Rectangular

Sections.
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Figure 3-16 Effect of Longitudinal Steel Placement on Moment Overstrength for

Rectangular Sections.
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Figure 3-17 Influence of Longitudinal Steel Placement on Moment Overstrength for
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Figure 3-18 Influence of Longitudinal Steel Placement on Moment Overstrength for

Rectangular Sections.
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in the distance the percentage of confined concrete decreases; (d’-d”)/D is a parameter which
shows the percentage of confined concrete in a section. Higher values of (d’-4”)/D means

larger amount of unconfined concrete in the section. Hence, smaller the value of (d’-4")/D,
the larger the moment overstrength. This is typically the case for large bridge columns where
the thickness of the cover with respect to the overall column size is small. The effect of
confinement corresponding to any particular value of (d’-4”)/D is shown in figures 3-17 and

3-18 for circular and rectangular sections, respectively. As before, overstrength is found to

increase with increasing confinement irrespective of axial load and sectional shape.
3.5 DISCUSSION OF RESULTS
The following conclusions can be drawn from the foregoing parametric study:

1. For unconfined concrete columns, the values of moment overstrength are significant

at low and at very high levels. Since the axial load levels in bridge columns are small

(P,<0.15 fc’Ag), it is recommended that 4, = 1.2 be adopted as a minimum value.

2. For confined concrete columns, the moment overstrength is significant at both low
and high levels of axial load. Hence the consideration of moment overstrength is important for
capacity design of both bridge and building columns designed with confined concrete plastic
hinge zones. Moreover, the effects of various parameters on moment overstrength factors were
found to be appreciable. Therefore, a simplified general method of analysis is needed to
determine overstrength factors which considers both material and section properties. In the
following section, an approach is proposed which uses a plastic method of analysis for

determining overstrength.
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3.6 VALIDATION WITH EXPERIMENTAL RESULTS

The analytical results of overstrength factors were confined within certain limits of the
parameters studied and compared with experimental results of Ang et al. (1985) for the purpose
of validating the presented moment overstrength analysis theory. Ang et al.(1985) conducted
a number of experiments on confined concrete columns of various confinement ratios (K) and
of various material and sectional properties. From the experimental results obtained, they
established the maximum moment capacity observed for each specimen. Each experimental data

point of maximum moment overstrength ratio was plotted on a graph with respect to axial load

ratios (P,/ fjAg) and the following empirical equation was developed representing the best fit

curve for the moment overstrength factor:

M P 2
Ay, = =22 =113 +235|—% - 01 3-4)
M, f/cAg

The experimental data was within +15% of this equation.

Analytical studies conducted in the previous section led to the development of a number
of graphs representing the variation of overstrength factors with various parameters. To make
a comparison with the experimental results, the theoretical values were confined within the
following values of various parameters to make an comparison with the experimental results

mentioned above:

1) Concrete compressive strength: £/ = 30 - 45 MPa

i) Longitudinal steel strength: f, = 276 and 414 MPa

iii)  Longitudinal steel volume: p, = 0.005 - 0.02

The plots of maximum and minimum values of moment overstrength factors obtained within the

above parameters represents the average values of analytically obtained strength enhancement
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factors.

The analytical results obtained above were plotted against the experimental results and
the best curve fit equation of Ang, Priestley and Paulay as shown in figure 3-19. The maximum
value curve is observed to be in good agreement with the +15 percent experimental curve and
encompasses most of the experimentally observed moment overstrength factors. Hence, the
theory tends to be conservative, which is satisfactory from the design point of view. This curve
can also serve as a design chart to determine the moment overstrength factor for the majority

of the concrete columns designed with normal strength materials.

3.7 CLOSURE

The analytical method of performing moment curvature analysis, derived in the previous
section, was used to carry out a complete overstrength analysis for circular and rectangular
sections. A large number of parametric studies were conducted to better understand the
individual and cumulative effects of various parameters on the influence of moment overstrength.
The analytical curves so obtained were also compared with experimental results of Ang (1985).
The theoretical results were conservative, which is desirable from a design point of view.
Although the analysis reported herein was limited to circular and rectangular sections only,
similar exercise can be performed on sections of any arbitrary shape. In view of the apparent
complexity of the whole approach, the necessity to develop a relatively simple method is evident.
Thus an interaction approach of evaluating overstrength factors is developed which is discussed

in detail in the next section.
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Figure 3-19 Comparison of Analytical Results with Experimental Results.

(f = 30-45 MPa, Steel Grade 40-60, Steel Volume= 0.5% to 2%)
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SECTION 4
SIMPLIFIED ANALYSIS USING A STRESS BLOCK
INTERACTION DIAGRAM APPROACH

4.1 INTRODUCTION

In the previous section, an "exact" approach using moment-curvature analysis was used
to compute the overstrength factors for any general section. Although the method is extremely
accurate, it is necessary to develop a simple yet sufficiently accurate method for everyday design
office applications. This prompted the development of the stress block interaction diagram
approach for computing the overstrength factors. This method uses a plastic analysis method
and as an obvious result ignores strain compatibility though maintaining force equilibrium-an
essential attribute of any limit based analysis. However, before discussing the method in detail
it is important to look back into the concept of stress block analysis. Although stress block
analysis was used extensively by Mander et al. (1984), he used a numerical integration approach
which is not particularly suitable for spreadsheet-type computer programming. Hence discreet
closed form expressions for stress block parameters taking into account confinement is developed
and integrated into the evaluation of approximate overstrength factors. This is discussed in the

following subsection.

4.2 STRESS BLOCK ANALYSIS

From the general stress block theory, stress block parameters can be obtained by
numerical integration of the various stress-strain relations of concrete. The stress blocks so
obtained though functions of the concrete strength, level of confinement and maximum strain,
are implicit and hence difficult to utilize in a computational moment-curvature analysis of
concrete columns. Hence, to obtain explicit analytical expressions of stress blocks, stress-strain
relations for concrete which can be easily integrated were formulated. Using a proposed stress-
strain relation for concrete, explicit expressions for stress block parameters which are a function

of the concrete strength, level of confinement and maximum strain were formulated (Appendix-
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B). Using maximum values of these stress block parameters, maximum overstrength moment
is evaluated which is discussed later in the section. The nominal moment capacity is also
obtained using the same approach but using stress block parameters specified by ACI which is

described in the next subsection.
4.2.1 AASHTO/ACI Stress Block Parameters for Unconfined Concrete

For deriving the flexural strength, only the magnitude and the position of the concrete
compression force need to be known. The U.S. practice, as represented by AASHTO (1996)
and ACI (1995) code, has been to replace the actual stress block by an equivalent rectangle. On
the basis of extensive direct measurements as well as indirect evaluation of axially and
eccentrically loaded specimens, AASHTO/ACI adopted the following values of equivalent

rectangular stress block parameters:

« = 0.85 for all values of f, @-1)

0.85 > B, = 0.85 - 0.08 (f/ - 30) > 0.65 MPa 4-2)

These are plotted in figure 4-1.
4.2.2 Proposed Maximum Stress Block Parameters

The proposed stress-strain equations (Appendix B) and the explicit stress block
parameters are plotted in figure 4-2 for illustrative purposes. It can be observed from these
figures that the magnitude of the stress block parameters depend on the level of confinement and

strain. It is conceivable that the maximum concrete compressive moment occurs when «p 1is

maximum. The value of strain (e3g") where «f is maximum is given by

Sm 2
x:l;x = ulﬂ = 1 + 7 (4-3)
€ (n+l)ze,,
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(b) Stress Block Parameters for Unconfined Concrete using Piecewise Equation.

Figure 4-1 Stress Block Parameters for Unconfined Concrete.
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Figure 4-2 Proposed Explicit Stress Block Parameters for Unconfined and Confined

Concrete.
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It can be observed that the maximum value of «p will occur in the descending branch of the
stress-strain model of concrete. Hence, substituting the above equation of strain in equation B-6,

the following expression for maximum of was obtained

L 1)(1—%(;:3’;"—1))

apm= (n+1) -4

max
xap

The corresponding value of the stress block depth factor p can be obtained from equation B-11

/
Z8.,

max2 _ _ max3 _ 5 max2 f1) + n(n+3)
B=2- o D77 B T D (n+1>(n+2>]

max2
Xop p™*

@-5)

In the above equations n=E_ e/ /f,, and z = 68f, K. The peak values of the confined concrete

stress and the corresponding strain (f.,, ¢.,) are obtained by the procedure outlined in Appendix
A for circular and rectangular sections respectively. The peak values of the stress block
parameter «p™=* can be divided by the parameter p in equation 4-5 to obtain discreet values of

stress block parameters to be used for design. These parameters are plotted in figure 4-3 against

the confinement ratio X along with their simple curve fit approximations given by

@ =085 + 0.12(K -1)% (4-6)
and

B =085 + 0.13(K-1)°¢ @-7)

4.3 AXIAL LOAD-MOMENT INTERACTION APPROACH TO OVERSTRENGTH

Axial load-moment interaction curves have been used by engineers for design of columns.
The analytical procedufe is iterative and hence requires the use of computers. Hence, a theory
based on plastic design concepts was devised to draw axial load-moment interaction curves for
both maximum overstrength moment capacity and nominal moment capacity. Nominal moment

interaction curve is constructed for columns by the procedure outlined by AASHTO/ACI considering
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Figure 4-3 Showing Exact and Approximate values of the Stress Block Parameters.
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maximum compression strain e, = 0.003 and as was discussed in section 2.3. The maximum
overstrength moment capacity interaction curve is drawn using maximum stress block parameters
of confined sections given by equations 4-6 and 4-7. Hence overstrength factors at an axial load
level can be determined by the ratio of maximum overstrength moment to nominal moment
determined from the constructed interaction curves. The parabolic approximate interaction curve
procedure of moment capacities represents a hand tool for the engineer to determine overstrength

factors of columns at various axial loads. The procedure for this is presented below.

(i) Parabolic P-M Interaction Curve of Maximum Overstrength Capacity:

Maximum Moment Point: From the principles of plastic analysis, the maximum moment point

(M,,,P,,) on the axial load-overstrength moment interaction curve should be obtained when the
neutral axis depth from the extreme compression fiber of the section (¢/ D) is 0.5. Axial load
capacity is the sum of the contributions from confined core concrete and unconfined cover
concrete. Hence using this value of neutral axis depth and the familiar stress block notation, the

axial load capacity is determined as
P C A A
= = £ = 050, B K—=+05a,p, (1 -—“] 4-8)
feAg f: A, 4, 4,
where the confined and unconfined concrete stress block parameters are determined at the strain
corresponding to the maximum stress blocks of confined concrete calculated from equation 4-3

with 4_ /A, denoting the ratio of the core concrete to the gross area. The maximum overstrength

moment is determined as

M, =M, +M, @9)

where M,, = moment contribution of concrete to the ultimate moment and is determined by

taking the moment of the concrete cover and cover forces about the middle of the section.

Assuming that the neutral axis depth parameter _, for unconfined concrete is equal to 1.0 at the

strain at which « B, occurs, for circular sections this can be written as
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M A A "
oo _025|1-2¢ a0 B (1-x) + 025K a p™ T (1« p_y| 2= (4-10)
coFco 0 ccPec ¢ cc)
flA D A, 4, D

e
where x, is a factor that locates the position of the centroid of the cover concrete from the
topmost fiber of the section. For circular sections «, can be taken to be 0.4. For rectangular
sections this can be determined by using principles of strength of materials as illustrated in figure
4-4. Similarly x_ locates the position of the centroid of B4 from the center of the transverse

steel (figure 4-4) and can be taken as 0.6 and 0.5 for circular and rectangular sections

respectively. The steel moment contribution M, can be determined as

M, - Z,f, @11)

os

in which Z,= the plastic section modulus of steel. This is calculated assuming that the

longitudinal steel is distributed uniformly over a depth D’=D-2d’ and width »/=b-24’ and is

given by

/ A
Z = ( 1+ Z—b-] —=2__ (D forrectangular columns

? D' )4(b'+D")
@12)
= 0.3754,D’ for square columns
= 0324,D' for circular columns

where the parameters are as described before. Hence the maximum point on the interaction

curve can be determined.

The Tension Axial Load Capacity Point (0,P,): The tension axial load capacity (P, )for

ultimate moment capacity curve of the section can be determined as

P, _ PJu

fA,  f

(4-13)
where all the parameters are as described before.

The two points obtained on the maximum overstrength moment capacity curve can be

used to approximate the overstrength interaction curve as a parabolic curve and overstrength
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moments at any intermediate axial load (P,) determined as

2
_ | PPy, 4-14)
Moo M(l (Pro'Pbo])

Hence the overstrength moment M,, can be determined. The control parameters of the

approximate maximum overstrength moment curve is shown in figure 4-5.

(ii) Approximate Interaction Curve of Nominal Capacity Interaction Curve:

Nominal Maximum Moment Point:(M

n

»»Pn) It was observed that the nominal maximum

moment is obtained when the neutral axis depth of the section is ¢/D = 0.425/ B, for both circular
and rectangular sections respectively. Using this value of the neutral axis depth, it is easily
possible to determine the strain diagram since the compressive strain at the top fiber is known.
Thus the contribution of steel and concrete to the nominal moment can be determined. By
adding the contributions of concrete and steel, the maximum point on the nominal moment

interaction curve can be established.

The Tension Axial Load Capacity Point: The tension axial load capacity for nominal moment

of the section can be determined as

(4-15)

Pnt
fA, S

where all the parameters are as described before.

The two points obtained on the nominal moment capacity curve can be used to fit a

second degree parabola as

2
M, = M, (1 -( P -P"”] ] (4-16)

The agreement between the actual nominal moment curve and the curve fit nominal moment

58



curve is shown in figure 4-5.

(iii) Determination of Overstrength Factor: The ratio of the overstrength moment from equation

4-14 to the nominal moment from equation 4-16 provides the overstrength factor at the value of

desired axial load level (P,) as:

\2
P,-P,,
A= pe . o " bo 4-17)
mo M 2
" Pc-Pnb
M,1- P _p
nt nb

The values of overstrength obtained from the above curve fit method was determined for typical
cases and plotted against those obtained from parametric studies. These are shown in figures

4-6 and 4-7 for circular and rectangular sections respectively.

4.4 PROBABILISTIC MODELING

The moment curvature approach discussed earlier is a deterministic methodology for
evaluating the overstrength corresponding to a section. The assumption built in to the method
is that both the concrete and steel strengths (and constitutive relations) are known a priori
without any associated uncertainty. However, in a real scenario, such an assumption can lead
to gross errors because both the above quantities can have significant randomness associated with
their strengths that leads to an uncertain outcome. If this is neglected, then the overstrength
factor corresponding do a particular set of strengths will be the average amongst the multimode
of possibilities. Alternatively, if it is assumed that both the concrete and steel strengths are
probabilistically known in the form of some distribution, then the overstrength corresponding
to a particular steel and concrete variety will also be known in the form of a probability
distribution within certain limits of confidence. The uncertainty associated with the final answer
will be as a result of the randomness in both the concrete and steel strengths. As a result it is
of utmost importance that these probabilistic characteristics be known (albeit approximately) to

enable the final outcome of the overstrength analysis to be represented in a fashion that gives
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Figure 4-6 Approximate Overstrength for Circular Column Sections.
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a dependable upper bound estimate of overstrength capacity.
4.4.1 Probability Distributions for Concrete and Steel

Concrete is a mixture of water, cement, aggregate and air. Variations in the properties
or proportions of these constituents, as well as variations in transportation, placement and

compaction of concrete lead to variation in the strength of the finished concrete.

The variability of concrete strength depends greatly on the quality control of the
concreting operation. An unpublished analysis of concrete cylinders by Allen and Plewes from
nearly 300 jobs across Canada showed that the coefficients of variation of cylinder strength were
approximately 12%, 15% and 18% for pre-cast, ready-mix in-situ and site-mix in-situ
respectively. A review of literature (Julian, 1955; Shalon and Reintz, 1955; Mirza et al. 1979a)
indicates that the statistical variation of concrete strength can be adequately represented by a
normal distribution. Since majority of the concrete used in bridge substructure is of site-mix in-
situ type, a coefficient of variation of 18% can be accepted as a reasonable upper bound for

average controls.

If the coefficient of variation is chosen at 18% and the variability in strength represented
by a normal distribution, then using the standard normal density function the traditional bell
curve (for a normalized distribution) can be obtained as shown in figure 4-8a. The cumulative
distribution can be obtained by integrating the area under this curve as shown in figure 4-8b.
A reasonable upper bound can be obtained from the cumulative distribution function if the
confidence limit is set at 95% (5% probability of being exceeded). This corresponds to a value
of 1.3 for the particular set of parameters. Hence the expected mean strength of concrete can
be multiplied by the same to obtain a dependable upper bound that will account for the

variabilities in strength.

A similar approach can also be adopted for reinforcing steel. Based on the test results
of Mirza et al. (1979b) and Andriono and Park (1986), it is observed that the statistical variation
of commonly used grades of reinforcement in the United States (Grade 40 and Grade 60) is best
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represented by a lognormal distribution with a coefficient of variation of 11% representing a

reasonable upper bound. The results are plotted in figure 4-9.

If the coefficient of variation is chosen at 11% and the variability in strength represented
by a lognormal distribution, then the probability density and cumulative probability distributions
can be obtained for normalized strengths as shown in figure 4-8a and b. Choosing a confidence
limit of 95%, it can be deduced that a dependable upper bound can be obtained by multiplying

the mean yield and ultimate strengths by 1.2 respectively.
4.4.2 Upper Bound Interaction Diagram

Based on test results it is observed fhat a dependable upper bound envelope for concrete
and steel strengths are obtained by multiplying the expected man/median concrete and steel
strengths by 1.3 and 1.2 respectively. Using these upper bound values, an interaction diagram
of the form shown in figure 4-10 can be constructed. Note that the same expression (4-14) can

be used with

P C A A
= =065a B K—<+0650,p,, [1 -__E] 4-18)
A A
f‘{Ag fc/Ag (4 g
M A A v
f'AocD = 0.325(1 ——Ac—‘]acoﬁco (1-x,) + 0.325K e Bc. 7155 (1-x, p“)(—%—] 4-19)
cCg 8 8
M, =12Zf, 4-20)
P 1.2
g Fo o 120 @-21)
fi4, £

where all the parameters are as described before. The overstrength factor obtained from such
an interaction curve can adequately account for the uncertainties associated with the strengths

of concrete and steel and will represent a dependable upper bound.
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4.5 BIAXIAL BENDING AND OVERSTRENGTH

Oftentimes it has been observed that structural concrete columns specially in bridges are
subjected to bending about both their axes. Although for circular columns this is never a
problem due to symmetry, it becomes an important issue specially for non-circular sections.
Traditionally the design for biaxial bending has been done assuming an elliptic interaction

equation of the form

2 2
( Mx) . (i’z_] ‘<1 @-22)
M, M,

where M,,M, = moment demands along the X and Y axes, while M, ,M, = nominal moment
capacities along the same axes. The same approach can be adopted for overstrength design as
well. Realizing that overstrength design is required for capacity protection an expression

analogous to equation (4-27) can be written as

x x \ y y 2

[)"moan] + [A'moan] <1 (4_23)
x

M, M,

np

where A,,, A}, = overstrength factors along the x and y axes for the capacity weakened element,

0 > “"mo

M, .M = nominal moments along the x and y axes for the capacity weakened element and

Mx

»»M,, = nominal moments along the x and y axes for the capacity protected element. Use of

the above interaction expression will ensure a ductile mechanism by providing the appropriate

level of protection to the structural elements.
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4.6 SUMMARY AND CONCLUSIONS

In this section an approximate interaction curve theory for the determination of
overstrength factors was presented. This theory to determine the moment overstrength factor
is a hand analysis method that enables the designer to determine the overstrength factors of a
plastic hinge zone. These are used in capacity design to determine the maximum moment
demands which can be imposed in the brittle regions of the structure. Comparison with the
accurate method shows that the predictions from the approximate method are higher, which is
desirable in capacity design. However, it should be remembered that the accurate method is a
monotonic method of analysis that is unable to capture the cyclic work hardening effects on
longitudinal reinforcement. Due to this, the compression reinforcement during tension excursion
experiences a higher stress under the same strain amplitude. This in turn creates a higher
moment contribution from the steel, thereby raising the total moment capacity and the associated
overstrength factor. The predictions from the simplified interaction diagram method are

therefore considered to be fairly satisfactory.

The deterministic of overstrength can be extended to account for the probabilistic

variation of the concrete and steel strengths. It was shown that this can easily be handled by

merely modifying the principal material properties £, and f, to reflect the upper bound tails of

their respective probability distributions. To this end uncertainty in overstrength estimates can

be accounted for by enhancing the concrete and steel strengths by 1.3 and 1.2 respectively.

In the following section, this simplified method of overstrength evaluation is

demonstrated with a numerical example.
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SECTION 5§
DESIGN RECOMMENDATIONS AND EXAMPLE

5.1 INTRODUCTION

When using the capacity design philosophy for seismic resistant structures, the designer
chooses a hierarchy of failure mechanisms. Inelastic (plastic) modes of deformation which
provide ductility are preferred and all undesirable potentially brittle failure mechanisms are
inhibited by amplifying their dependable strength in comparison with the designer’s chosen
desirable mechanisms. Ductile flexure is the generally preferred inelastic mode of deformation.
Brittle regions are protected by ensuring that their strength exceeds the demands originating from
the maximum flexural overstrength of plastic hinge zones. Hence the determination of the
flexural overstrength moment capacity of plastic hinge zones beyond their provided nominal
strength is of paramount importance in capacity design. This section summarizes the
methodology for determining the overstrength factor for a given reinforced concrete column
using a moment-axial load interaction approach as discussed in the previous sections. A design
example is then presented to illustrate the step-by-step numerical procedures necessary to

determine the overstrength factor for a given longitudinal and transverse steel volume.

5.2 SUMMARY OF P-M INTERACTION THEORY FOR DETERMINING OVERSTRENGTH

Assume that the bridge column has already been designed for flexure and the longitudinal
reinforcement has been selected. The concrete and steel strengths are presumed to be known
without any uncertainty. Note that the flexural design is based on the design loadings; once the
longitudinal steel in the primary column members has been chosen, the design forces are no
longer used! Rather, column overstrength is assessed and used for all subsequent facets of
design. Based on the chosen longitudinal reinforcement layout, the steps listed below are then

followed to assess the provided overstrength capacity.

71



Step 1 :

Step 2 :

Step 3 :

Determine the unconfined and confined concrete stress block parameters

for both nominal and overstrength moment calculations.

@

(i)

(iii)

(iv)

Determine the lateral confinement pressure provided by the transverse steel

and from this the confinement ratio K=/, /f, for the column using the
procedure listed in Appendix A-2

Determine the control parameters of both confined and
unconfined concrete as per Appendix B

Determine the extreme compression fiber strain for maximum
af as per equation (4-3)

Determine the stress blocks for confined and unconfined

concrete for the above maximum strain using equations 4-6, 4-7 and B-7

Determine the nominal moment capacity (M,) for the design level of axial

load.
®

(i)
(iii)

Determine the balanced failure point on the nominal interaction
curve using ¢/D =0.425/p, .

Determine the tension axial load capacity of column using equation (4-15)
Calculate the nominal moment capacity for the desired axial load

level using equation (4-16)

Determine the plastic overstrength moment (M,,) for the required axial

load.
®

(i)
(1ii)

Determine the maximum failure point on the overstrength
interaction curve using equations (4-23) through (4-26)
Determine the tension axial load capacity of column using equation (4-13)

Determine the plastic overstrength moment as per equation (4-14)
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Step 4 : Determine the overstrength factor

a, = M 6-1)
mo Mn
Step 5 : Check ductility and confinement requirements according to Dutta and Mander

(1997) by which the required amount of transverse confinement reinforcement is given by:

For circular sections:

2 A 2
ps=0.008£ f Lok [_s_ -1 5-2)
U.sf cAg fc/ Acc
For rectangular sections:
/ 2 2

4, A oot |15 e co 22| o 5-3)

sB" sD” Uy fia, f) e
with U, = 110 MJ/m?.
Step 6 : Determine the additional seismic design moment at he centerline of the

bridge deck and/or pier cap.
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5.3 DESIGN EXAMPLE

A numerical example is presented to illustrate the use of the above methodology to
determine the overstrength of a the plastic hinge zone of a double pier bridge bent. Although
the design procedure listed immediately before illustrates the overstrength aspect of the design,
the following example takes the whole issue slightly further starting the whole exercise right
from the analysis stage. The example illustrates how the concept of overstrength can be used
to design bridge columns that provide satisfactory energy dissipation under strong ground

motion. The schematic of the bridge pier is shown in figure 5-1.

Consider a part of a "long" multispan concrete slab on steel girder bridge. Each span
is 40m in length and the deck is 12.5m wide. The soffit of the superstructure is to be 8m above
ground level. Design a twin column bent to be fixed to a rigid piled foundation. For simplicity

assume the effective deck weight (girders + concrete + guard rails) to be 7 kPa.

The following design assumptions are made :

o Bridge is located in SPC D such that the peak ground acceleration coefficient is 4 = 0.6
. Soil type factor § = 1.0

. Unit weight of reinforced concrete = 24 kN/m?

o Unconfined compression strength of concrete is f/ = 40 MPa

o Longitudinal and horizontal reinforcement is Grade 60 (f, = 414 MPa)
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Figure 5-1 Illustrative Bridge Pier Bent used in the Design Example.
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Design Solutions
Tributary gravity weight W -~ 407125 7; W = 35-10° kN

Adopting cap beam dimensions (1m high, 2m wide and 12m long), weight of the cap beam:

W, - 1'212:24; W, = 576 kN

Assume concrete strength f - 40 MPa

(1) STRUCTURAL GEOMETRY

e Assume two columns spaced &m apart-each column with a clear height of &m.
L=8&mand H = &m

e Assuming each column carries a gravity load of O.H’GAQ, the required area for each

column is:

Y T 1000 5
o _ . 2
A greqd .01 P . ===> A grch = 4.575 10 mm
Use a column with a diameter D = 900 mm

Gross cross sectional area of each column:

Ay - 025 1 D2 ==m=> A, = 6362 10°  mm2

o Weight of columns:

~H'A 10 %24 ==> W _, = 122145 kN

W ol g9 col

Let the normalized dead load on each column (Pp/fcAg) be denoted by Pprat:

05 (W + W, )1000
b | ,,
Drat .
£ oA

9
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(2) EVALUATION OF SEISMIC DEMAND
e Participating seismic mass
Wr o We t Wel

9.61

e Lateral stiffness of the pier

Effective moment of inertia lggr = 0.5%lyr066

4
05 'wn'D 10

| ====> | e = 161 10 mm#4

eff G4 eff

Modulus of elasticity of concrete

E, 47005_[1’

|

c ====> E c = 2.973 '104 MPa

Assuming fixed-fixed end conditions, stiffness in the lateral direction

CZZ0E o .
(H"1000)

e Natural period of the structure

m
T =271 |[— ==>T n= 0.668 S

N K lat
e Based on the idealized elastic design spectra, the elastic demand for
Soil factor S - 1 and acceleration coefficient A = 0.6
- 12°5A
d  _ oeer

Th

====> C 4 = 0.791 - (<2bA=25"0.6=150.K.)

e However assuming that the column will behave inelastically under a strong ground

shaking, required strength capacity for a strength reduction factor R = 5 is

C4

CC - __é, === CC = 0.158
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(3) DESIGN FORCES

e Assuming an admissible collapse mechanism as shown below, with H;=7.5m being the
distance between the centers of plastic hinges, the moment at the base of the column is
given by

For H, - 75 m;

C,m9.81H,

M, ==> M, = 1246 10°  KN-m
4
e Axial reaction due to lateral load is given by
C,m98lH,  2:M,
F oo - - ===> F = 3115 kN

v L L
Normalized axial load ratio Fy gt

F 1000
F

vrat . ====> F gy = 0012
f c A g ’

e Assuming the pier bent is also subjected to a vertical acceleration whose magnitude

is 2/3 peak horizontal ground acceleration, the maximium axial load ratio on the column

is
[/ o v
Putrat = P Drat'\\1 " g'A/ tFrat ===> P yeqr = 0124
and the minimum axial load ratio on the column
| 2
Puzrat = F Drat'<1 ) 5A ~ Furat ===> P yppap = 0:056
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(4) COLUMN DESIGN

¢o are between 0.9 and 0.5.

[

Since the column axial stresses P14t and Porat are less than 0.2fc, both ¢1 and

1246 kN-m —

3MB KN l

b 0.9 P uirat 9 05) 0 0.894
- —— . - . =—====> = .
! 02:f 1
b 0.9 F.u2raﬁ: (0.9 05) o 0.898
= : ] . - . =====> = U.
2 02f , 2

e Summary of dependable ultimate strength actions required by desighn

P ulrat = 0.124

P ulrat

S = 0439
¢

P uzrat = 0.056

M, 10°
H M urat = -P C.A .D ====> M urat = 0-054
g
M urat
and —— = 0.061
9
H M Ur‘at = 0-054
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P uZrat M urat
— = 0.04 and ——— = 0.001

92 92
e Provide 16 - #8& longitudinal bars giving a longitudinal reinforcement ratio of 1.27%.

Hence, N = 16 and d b 254 mm fy = 414 MPa

Also assume a cover cov = Bl mm

Provided nominal capacities
P - 2637 kN ====> M = 21134 kN-m.
Py = 1018 kN ====> M o = 1500 kN-m.

0.4 DEPENDABLE STRENGTH
- - = \\ \
“LEEWARD COLUMN
0.2 |
o)) /
g .
S
E 0. .....................................................................................
= WINDWARD COLUMN
0.2 NOMINAL STRENGTH
-0.4 T 1 1 | 1 1
0 0.04 0.08 0.12
M/fcAgD

Figure 5-2 Axial Load — Moment Interaction Diagram for the Column Section.
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e Design for Shear

* Inintially assume an overstrength factor of Ayp=1.4. Therefore, the maximum
overstrength moments and the corresponding shears to be used for design are

(a) For maximum axial load (Py1 = 3537 kN) with A .., - 14

3
Moot~ Amo My ====> M o1 = 2969107 kN-m,

po1 ‘ mo
2°M pol *1000

ol - ====> V ol = 896.594 kN.
H C-1OOO - D

(b) For minimum axial load (Py2 = 1018 kN)

ko)
M po2 = A mo'M np ====> M'pOZ = 2.1-10 kN-m.
2'M po2 1000
Voo = ====>V 5 = 6356.264  kN.
H 1000 - D

* Assuming that in the plastic hinge zone concrete is fully cracked and offers no

resistance, shear is entirely carried by the steel (Vg) and the diagonal compression
strut (VP)' Thus according to Priestley et al. (1990)

Vol = Vg + Vp where Vp = 0.85 P, tana. and

Vg = Vol - Py tana = m/2%(Agp™fyn)D"/6™cot35

Note that a denotes the angle from the vertical to the straight line joining the center of
compression area at the top and bottom of the column and can be conservatively taken

as o = tan"1(0.8*D/Hc) while 35 denotes the inclination of the crack.

V., - 085 P ) 08D v 257.963 kN
pt 085 (P pydq H 000 T e =T

81




. . 08D

V o - 085 (P o)
p2 0.85-( ”2¢2>Hc'1OOO

====> V p2 = 74.015 kN

and assuming the undercapacity factor for shear ¢ = 0.85

vo1

v R 2 ====> VY =7 R
» 585 o1 > Vg 96.654 kN

VP Yoz v v 67405 kN
82 ops P2 T 7 Te2 TP

Hence providing #5 spirals with a specified yield stress of 414 MPa so that

dbh = 15.9 mm and fyh = 414 MPa

Thus the cofined core dimension

D" =D 2t (cov + 05 dyy

Tof o m025d,, 2 ) D" oot | 35
5 'yh 0. bh) co 1

“ 80
64 - - ===> 61 = 180.993 mm
V 411000
T ( 0.25 4 2)9” )35
iy A n025- ‘D" co L
2 Yh bh 180
o = ===> 6, = 213.967 mm
V 52 '1000
Check for antibuckling
6 = 6'dy} ====> 6 = 1524 mm

Provide #5 bars as hoop reinforcement at a pitch of 100 mm
Therefore,

s = 100 mm
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(5) EVALUATION OF ADEQUACY OF HOOP REINFORCEMENT THROUGH ESTIMATION OF
OVERSTRENGTH. |
Step 1: Concrete stress block parameters

Probabilistic compression strength of concrete: f ., - 1.3

(i) Confinement ratio K

s =95 -d ph =~ ====> s = 64.1 mm.
Nd b2
Poc TR ====> P ., = 0.017
D”
5’
1- 05
b k 0.962
e >4 e = .
1 pcc>

Volumetric ratio of transverse reinforcement

2
T d bh

o] 5 = ====> P 5 = 0.01

6. D”

Effective lateral pressure

f| = 0Bk pgfy, ====>f| =2025 MPa
f f
K = -1254 + 22541+ 7794 —— - 2" ====> K = 1.241
A 7 cm f cm

(i) Control Parameters for Concrete

e Unconfined concrete parameters are

0.375 4
E, - 8200 f ., ====> E , = 3.608 10 MPa
0.25
’ " om ’ 0.002
€ = ====> g = U.
¢ 1153 ¢
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ny = ; ====> N = 1.616
cm
E C
z, 03— ====> z = 208177
'F u
cm
0.8
Xu20% = - + 1 ====> X u20% = 2.65
Zu't ¢

e Confined concrete parameters are

f cc '~ K‘ch ====> FCC = 06455 MPa
e, &1+ 5 (K 1)) ====> &, = 0.005
Ece e
hg - " ====> N, = 2.873
cc
E¢
z, - 0.3 ; ====> Z , = 45.8633
ch'K
0.8
Xo20% .., 1 ====>Xcp0y = 4396
Zc'% ¢
€ c20% = Xc20% & cc ====> € c207%, = 0025

(iv) Extreme compression fiber strain

The strain of extreme confined compression fiber is for maximum oz Bec

| 2
Xap max f " (n ) 1),2 e =EE=E> X af max T 1787
, c

c cC

For unconfined cover concrete the strain is the same at the intersection of the

unconfined and confined concrete and hence the corresponding value of x is

,
€ cc

a  Xoapmax _,
€

X ====> x(X, = 5945 (>xu20%)

(v) Confined stress block parameters for overstrength moment
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o . - o4 _
Uy - 085 + 012 (K - 1)°% ====> a , = 0918

B, - 085 + 013-(K - 1) ====5 B _, = 0.905

(vi) Unconfined stress block parameters for overstrength moment

n X o) \\
u 0.46 u20%
oB o - \ - 021 - fxv-)

u T a u® c*a \ a

(vii) AASHTO/ACI Stress Block FParameters for Nominal Moment

aq - 085 and By - 076 forf;=40 MPa

Step 2 : Nominal Moment Capacity, My

(i) Balanced failure point:

Neutral axis depth at balanced failure

0.425
By the usual AASHTO/ACI approach, normalized balanced force and moment capacity
Tension axial load capacity
N-d b2
Py - T, ==E=> Py S 0.013
D

fy

Patrat = Py ====> Py = 0152
c
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| [ . 2
P q"1000

. f c'Ag
<F ntrat | nbrat >

P nbrat {

=M

M ===> M

nirat hbrat hira

Step 5: Overstrength Moment Capacity Mpo

Neutral Axis Depth Ratio = 0.5
Balanced axial load capacity is determined as

9

2
B oc'K'<F> tap o,

/

P borat - 0-65 ‘

Ny

Moment contribution of concrete My to the balanced ultimate moment is

P borat = 0.582

With K, 0.6; L 0.4

M = 0.329

| Co7)®
oo B cc'K'<1 “xgB cc><3> Fop gy

ocrat L

M ocrat = 0125

Moment contribution of steel Mg to the balanced ultimate moment is

With 4 = cov + dbh + O.L")'all7 and,fsu = 640 MPa

/ d’j 1c@u

M oorat, =~ 03847 p i1 - 20 |1 | ====> Moo = 0.064
| D/ fy

Balance moment ratio:

Mporat = Mocrat © Mosrat ====> M poray = 0188

Tension axial load capacity (Pyop) is

f suU
P torat = ~-1.2 ‘p t’*{;’*f’ ====> P torat = -0.245
c

1(09”)2.
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Overstrength moment ratio is

[ 2
, ( P ulrat P borat

\Ptorat ~ Phorat /]

Step 4: Overstrength factor

A = ====> A =14

This is same as the initially assumed value of 1.4. Moreover shear did not govern the

design. Hence no change in the calculation is needed.

Step 5: Check Ductility and Confinement requirements
Uge - 10 MJ/m2

/

0.00& fo 121 P fy 0" \* 1

Ps = U e Purat TP Ly
Ugr | \ e D

pg = 0.001 ====> Confinement does not govern.

Step 6: Additional seismic design moment at the centerline of the cap beam

Assuming the maximum overstrength moment in the column occurs at a depth D/2 from
the face of the cap beam and the point of contraflexure is eaxctly at half the clear
length of the column, seismic design moment for the cap beam is

For D cap = 1000 mm

x5 He1000 £ 05D,
R 10
4 H ;1000 - 05D

M f

cap = Mporat”

3
M cap = 3.381 10 kN-m
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and the nominal flexural cap beam requirements

M cap

3

This will ensure an admissible failure mechanism with hinging in the column.
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SECTION 6
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR CODE
DEVELOPMENT

6.1 EXECUTIVE SUMMARY

When using the capacity design philosophy for designing earthquake resistant structures,
the designer chooses a hierarchy of failure mechanisms. Inelastic (plastic) modes of deformation
which provide ductility are preferred; this generally means flexural plastic hinging through
ductile detailing. All other undesirable brittle failure mechanisms such as shear, bond and
anchorage, compression failure (of both bars and concrete) are inhibited. Brittle regions are
protected by ensuring their strength exceeds the demands originating from the maximum

overstrength that can be generated at potential plastic hinge zones.

This study had been concerned with determination of maximum moment capacity and

overstrength factors of reinforced concrete bridge columns by using a Gaussian Quadrature

method of numerical integration—an analysis procedure which is easily suited to spreadsheet type

computer programming. The proposed analysis procedure was then used to conduct parametric
studies on overstrength factors in the plastic hinge zones of concrete columns and to develop
design curves of overstrength factors. It was observed that the values of overstrength factors

from the analytical studies developed compared well with the experimental results.

In view of the apparent complexity involved in the Gaussian Quadrature approach, an
alternative technique based on stress block analysis was also introduced as part of this research
report. Explicit expressions for stress.block factors obtained by integration of concrete stress-
strain relations were derived with due consideration to confining action of the transverse
reinforcement. Using these stress block factors, a parabolic interaction curve was traced that
represented the overstrength actions due to the strain hardening of the longitudinal reinforcement

and the confining action of the transverse reinforcement. A similar approach was also adopted
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for the AASHTO/ACI nominal interaction curve. Overstrength factors were thus obtained as
ratios of the overstrength and nominal interaction expressions corresponding to a particular axial
load level. It was also observed that the overstrength interaction curve can be suitably adjusted
by altering the concrete and steel strengths to account for the uncertainties in their respective
strengths. A further contrast of the overstrength factors with those obtained from rigorous
analysis revealed satisfactory results. The presented parabolic axial load-moment interaction
curve procedure for the determination of overstrength factors is a straight-forward design method
for the engineer to determine the overstrength factors of plastic hinge regions of concrete

columns.

6.2 SPECIFIC CONCLUSIONS

Specific conclusions derived from this study are as follows:

(i) Atlow levels of axial load overstrength is mainly contributed by strain hardening of
the longitudinal reinforcement. Hence reinforcement varieties that have a significantly long
strain hardening plateau can result in enhancement of overall ductility of the structural concrete

section by prolonging the ultimate curvature at which the overstrength moment occurs.

(ii) At high levels of axial load, concrete is the main contributor to overstrength. Hence
concrete sections with high confining reinforcement display a higher value of the overstrength

moment.

(iii) A simplified stress block analysis can be used to obtain overstrength factors using
principles of plastic analysis. The concrete and steel properties can also be adjusted by
multiplying their mean and median values by 1.3 and 1.2 respectively to account for randomness

in their strengths.
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6.3 RECOMMENDATIONS FOR CODE DEVELOPMENT

It is recommended that the following language be adopted by code writers for assessing

the overstrength factors for flexural hinge zones.

6.3.1 Notation

A, = area of cross section of a single transverse reinforcement

A = area of core concrete measured to the centerline of transverse reinforcement
A, = gross area of the concrete section

A, = total area of longitudinal reinforcement

A = total area of cross section of transverse reinforcement in the X direction

A, = total area of cross section of transverse reinforcement in the Y direction

D = overall depth of the section

D’ = depth of the section measured from centers of extreme tension and compression steel

D" = depth of the section measured from the centers of transverse reinforcement

K = confinement ratio of concrete

M,, = maximum overstrength moment in an overstrength moment interaction curve
M, = provided nominal moment capacity of the plastic hinge zone

M, = maximum nominal moment in a nominal moment interaction curve

M, = maximum overstrength concrete moment

M, = maximum overstrength steel moment

M,, = overstrength moment capacity at the center of the hinge

P, = axial load corresponding to M,, in overstrength moment interaction curve
P, = applied axial load on a section

P, = axial load corresponding to M,, nominal moment interaction curve

P, = nominal tensile axial load capacity

P, = overstrength tensile axial load capacity

b’ = lateral dimension of a rectangular section measured from centerline of outermost steel
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b” = breadth of the confined core concrete

f/ = unconfined compression strength of concrete

f. = peak value of confined concrete stress

f,, = expected mean unconfined compression strength of concrete

f. = upper bound unconfined compression strength of concrete

f, = confining stress exerted by the transverse reinforcement in circular and square sections
h = confining stress exerted by the transverse reinforcement in the X direction

f = confining stress exerted by the transverse reinforcement in the Y direction

f. = ultimate stress of the longitudinal reinforcement

f,= yield strength of the longitudinal reinforcement
f,. = expected mean yield strength of the longitudinal reinforcement

f,, = upper bound yield strength of the longitudinal reinforcement

k, = confinement effectiveness coefficient

s = center to center spacing of transverse reinforcement

s’ = clear spacing of transverse reinforcement

w, = width of the parabola forming between two adjacent longitudinal reinforcement

., B, = unconfined concrete stress block factors

@, By = maximum product of confined concrete stress block parameters

x = a parameter = 0.5 for spirals and = 1.0 for circular hoops

x, = factor that locates the position of the plastic centroid of core cover concrete
x, = factor that locates the position of the plastic centroid of core cover concrete
A,, = moment overstrength factor

p.. = longitudinal steel ratio with respect to the core concrete

p, = volumetric ratio of transverse reinforcement

p, = longitudinal steel ratio

p, = volumetric ratio of transverse reinforcement in the X direction
p, = Vvolumetric ratio of transverse reinforcement in the Y direction
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The flexural overstrength factor for plastic hinge zones shall be determined by one of the
following three methods. The methods are given in order of complexity. Higher order methods
will give more precise results with less conservatism.

6.3.2 Method 1: Empirical Equation Method

The overstrength factor shall be taken as

A_=1+ 4 (6-1)

but not less than A, = 14.

6.3.2 Method 2: Interaction Diagram Approach

The overstrength factor shall be calculated as the ratio of strengths given by the flexural

overstrength capacity to the nominal flexural strength. The following equation may be used to

interpolate at various axial loads:

2
My, | | PJfA - Py JfA,
A = Mpo - f/cAgD Pa/chAg—Pbo/fchg 6-2)
mo Mn . 2
M, |. [PIfA,-PJfA,
FAD\ P lfAs-PfA,

where the following expressions

fiAD

shall be adopted for the parameters given in equation (6-2).

Mbo Moc Mos (6-3)

= +
flA,D fAD fAD

A D//

M, A
® = 0.325(1 -f]awpw(l -x,) + 0.325K e Br" —=(1-x, pcc)(?] 6-4

8 Ag
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My _ 1200 D/

= (6-5)
where II shall be taken as 0.32 and 0.375 for circular and square columns, and for rectangular
columns

H=1(1+2L’][ D’ ] (6-6)
4 Dl b/ + D/
Also,
P A
—» = 0650, B K—< +0.65 amﬁw[ - i‘ﬁ] 6-7)
A 4, 4, 4,
Pto f S
= -12p,— (6-8)
Ay A
P
SRR (6-9)
fi4,

where for circular sections x,=04;x =0.6. For rectangular sections x,=0.5 and x, shall be

determined by using principles of strength of materials. The nominal interaction parameters

(M,,, P, ) shall be determined by the usual AASHTO/ACI procedure.

The stress block parameters for confined and unconfined concrete shall be taken as

@, = 0.85+0.12(K -1)* (6-10)
and B’;‘x =085 +0.13(K - 1)°'G (6-11)

For unconfined concrete
¢, =045 and B =10 (6-12)

94



The enhancement in concrete strength due to confinement (X =f,/7,) shall be obtained for

circular and square sections by

K=Y o 125442254 | 147945 2%
£ £

Following parameters shall be used for circular sections:

Sl

1
f; = Ekepsfy

Pec =
T Dl/2

x = coefficient having values 0.5 and 1.0 for spirals and hoops respectively.

sections:

f;y = ke pyf;'h

f;x = ke Px f;'h

in which

95

(6-13)

(6-14)

(6-15)

(6-16)

(6-17)

For rectangular

(6-18)

(6-19)



p, =
sD" (6-20)
A
o, = Lo
Y sb”
12 , s/ s’
‘ (1-pg)
o = Aa 6-22)
cc bl/Dl/

The confined strength ratio shall be calculated using the minimum of f, and A, in conjunction

with figure 6-1.
6.3.4 Method 3: Moment Curvature Analysis

The overstrength factor shall be calculated as the ratio of the maximum moment achieved
in a moment-curvature analysis over the range of curvatures expected in a maximum credible
earthquake with respect to the nominal flexural strength. When calculating overstrength

capacities, expected upper bound material properties shall be assumed as follows:

fo =131, ¢23)
and f, = 12§, (6-24)

where £, and f,. are expected mean strengths of concrete and steel respectively.
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Figure 6-1 Confined Strength Ratio based on Multiaxial Confinement Model.

97






SECTION 7
REFERENCES

AASHTO (1996), AASHTO Standard Specification for Highway Bridges, 16th.
ed.,American Association of State Highway and Transportation Officials,
Washington, D.C.

American Concrete Institute, (1995), Building Code Requirements for Reinforced
Concrete, ACI-318-95, Detroit, Michigan.

Andriono, T. and Park, R.(1986), Seismic Design Considerations of the Properties of
New Zealand Manufactured Steel Reinforcing Bars, Bulletin of the New Zealand
National Society for Earthquake Engineering, Vol. 19, No.3, Sep. 1986, pp. 213-
246.

Andriono, T. and Park, R.(1987), Seismic Design Considerations of the Properties of
New Zealand Manufactured Steel Reinforcing Bars, Proceedings of the Pacific

Conference of Earthquake Engineering, Vol 1. pp 13-24, New Zealand.

Chang, G.A. and Mander, J.B.(1994a) "Seismic Energy Based Fatigue Damage Analysis
of Bridge Columns: Part I - Evaluation of Seismic Capacity," Technical Report
NCEER-94-0006, National Center for Earthquake Engineering Research, State
University of New York at Buffalo.

Chang, G.A. and Mander, J.B.(1994b) "Seismic Energy Based Fatigue Damage Analysis
of Bridge Columns: Part II - Evaluation of Seismic Demand," Technical Report

NCEER-94-0013, National Center for Earthquake Engineering Research, State

99



University of New York at Buffalo.

Chapra, S.C. and Canale, R.P.(1995) Numerical Methods for Engineers, McGraw Hill
Publishing Co., New York.

Dutta, A. and Mander, J .B.(1‘998) "Fatigue analysis and Design of Confined Concrete
Sections" Technical Report NCEER-98-00xx (in review), National Center for
Earthquake Engineering Research, State University of New York at Buffalo.

Julian, O.G. (1955), discussion of Strength Variations in Ready-Mixed Concrete, by A.E.
Cummings, Proceedings, American Concrete Institute, Vol. 51, No. 12, Dec.
1955., pp. 772-4-772-8.

Mirza, S.A. and MacGregor, J.G. (1979a), Variability of Mechanical Properties of
Reinforcing Bars, Journal of the Structural Division, ASCE, Vol. 105, No. ST5,
May 1979, pp. 921-937.

Mirza, S.A., Hatzinikolas, M. and MacGregor, J.G. (1979b), Statistical Descriptions of
Strength of Concrete, Journal of the Structural Division, ASCE, Vol. 105, No.
ST6, June 1979, pp. 1021-1037.

Kent, D.C. and Park, R.,(1971), Flexural Members with Confined Concrete, Journal of
the Structural Division, ASCE, Vol.97, No. ST7, Jul-71,pp.1969-1990.

Mander, J.B. and Dutta, A. (1996). "A Practical Energy-Based Design Methodology for

Performance Based Seismic Engineering," Proceedings, SEAOC Annual

Convention, 1996, Maui, Hawaii.

100



Mander, J.B., Priestley, M.J.N. and Park, R.,(1988a), Theoretical Stress-Strain Model
Jor Confined Concrete, Journal of Structural Engineering, Vol. 114, No. 8, Aug-
88, pp. 1804-1826.

Mander, J.B., Priestley, M.J.N. and Park, R.,(1988b), Observed Stress-Strain Behavior
of Confined Concrete, Journal of Structural Engineering, Vol. 114, No. 8, Aug-88,
pp. 1827-1849.

Mander, J.B., Priestley, M.J.N. and Park, R.,(1984), Seismic Design of Bridge Piers,
Department of Civil Engineering, University of Canterbury, Report 84-2, Feb-84,
483 pp.

Mander, J.B., Priestley, M.J.N. and Park, R.,(1983), Behavior of Ductile Hollow
Reinforced Concrete Columns, Bulletin of the New Zealand national Society for

Earthquake Engineering, Vol.16, No.4, Dec-83, pp.273-290.

Park, R. and Paulay, T.,(1975),Reinforced Concrete Structures, John Wiley, New York,
1975.

Paulay, T. and Priestley, M.J.N.(1992) Seismic Design of Reinforced Concrete and
Masonry Structures, John Wiley and Sons, Inc., New York.

Popovics, S.,(1970), A Review of Stress-Strain Relationship for Concrete, Journal of the
American Concrete Institute, Vol. 67, No. 3, Mar-70, pp. 243-248.

Shalon, R. and Reintz. R.C., (1955), Interpretation of Strengths Distribution as a factor
in Quality Control of Concrete, Proceedings, Reunion Internationale des
Laboratories d’Essais et de Recherches sur les Materiaux et les Constructions,

Symposium on the Observation of Substructures, Vol. 2, Laboratorio Naciano de

101



Engenharia Civil, Lisbon, Potugal, pp. 100-116.

Tsai, W.T.,(1988),Uniaxial Compressional Stress-Strain Relations of Concrete,Journal
of Structural Engineering, Vol. 114, No. 8, Sep-88, pp. 2133-2136.

102



APPENDIX A
STRESS-STRAIN EQUATIONS AND STRESS BLOCK PARAMETERS FOR
UNCONFINED AND CONFINED CONCRETE

A-1 EQUATION FOR UNCONFINED CONCRETE

The equation to describe the monotonic compressive stress-strain curve for unconfined

concrete is based on Tsai’s equation:

nx

(A-1)
1+(n-—L|x+ x
r-1 r-1

y:

where x=¢_Je., y=f, [f. with f and e being the peak ordinate and the corresponding abscissae,

and »,r are parameters to control the shape of the curve.

The equation parameter » is defined by the initial modulus of elasticity, the concrete
strength and the corresponding strain. In S.I. units, the initial modulus of elasticity and strain

at peak stress are given by

E, = 8200£ "
1/4 (A-2)
8/ = Je
¢ 1153
Thus the parameter » is defined as:
E E
no= el B 12 Moo (A-3)

and the parameter r as:

-19  MPa (A-4)

However, to adequately reflect the behavior of unconfined cover concrete, a modification as
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suggested by Mander et al. (1988a) was adopted. It was decided that the cover concrete beyond

a strain of 2e, would be made to decay to zero linearly up to a strain ratio of x__ according to

x=-2

=y, - 22% (A-5)
Y= N taneo
where y,,, = normalized stress at x=2 and tana =1/|dy/dx|,,/, With
(_dl - n(1-27-2)
dx ),/ 2 (A-6)
o l1e2fn-L)+ Z
r-1) r-1
and
Xpax = 2 * ¥,/ tana (A-7)

A-2 EQUATION FOR CONFINED CONCRETE

The same equation A-1 can be used to describe the behavior of confined concrete. The
peak strength enhancement due to ductility can be obtained using the procedure suggested by
Mander et al. (1984, 1988a) and described in detail in subsections A-2.1 and A-2.2. Thus in
equation A-1, the parameters can be redefined for confined concrete as x=e_ /e, andy=f. /f.

where £, and e/, are the confined concrete peak ordinate (=K /) and the corresponding abscissae
given by Richart et al.(1929) as

el = e (1+5(K-1)) (A-8)

However, in order to have better control on the falling branch of the confined concrete, Mander
et al. (1988b) based on experimental observations added a point on the falling branch. The

following empirical relationship was proposed

e =3 eﬁc
f; = fo- Bf, (A-9)
Af, =K Afc(g‘g +o.2]
KS

where Af, = stress drop of the confined concrete at a strain of 3¢, and Af,= stress drop of
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the unconfined concrete at a strain of 3e,. Thus using »n=E,/E,_ for confined concrete, the
parameter r can be solved algebraically which will give a more realistic stress decay in the

falling branch. Thus a complete stress-strain history of confined concrete can be obtained.
A-2.1 Confinement Coefficient for Circular Sections

Using the model proposed by Mander et al. (1988a), the effective lateral pressure for

circular sections is given by

Lot (A-10)

f1='2‘ e

with k, as the confinement effectiveness coefficient given by

P (A-11)

The confining bars are assumed to yield by the time the maximum stress in the concrete is

reached in which case f, =7,.

The effectively confined area shown in figure A-la is calculated as

D? AT
A ==X (1 _x._s_/_/] (A-12)
D

where D” = diameter of the core concrete, s’ = clear longitudinal spacing between spirals/hoops
in which arching action of concrete develops, and x = coefficient having values 0.25 and 0.5

for spirals and hoops respectively.

The concrete core area is calculated as

"
A, =(1-p,) 22 (A-13)

where p_ is the volumetric ratio of the transverse reinforcement to the confining core given by:

with 4, = cross sectional area of the lateral steel and p_ = volumetric ratio of the longitudinal
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4 A (A-14)

ps=———

SD//

steel in the confined core given by:

44y (A-15)

n D"?

Pec

where A, = total area of the longitudinal reinforcement. With the maximum lateral pressure thus

obtained, the peak confinement strength ratio can be obtained from

K = f_ = -1.254 +2.254 1+7.94ﬁ Y] (A-16)
£ A 4

A-2.2 Confinement Coefficient for Rectangular Sections

The effectively confined area for rectangular sections shown in figure A-1b is given by

(A-17)

A4, =

2
n oW / /
»'D"-3 - ll1-052_1|l1-052_
i=1 6 b" D"

The concrete core area is given by

A, =b"D"-A, (A-18)

The lateral confinement pressure for rectangular sections can have different values in each

direction. In this case a general three dimensional state of stress is obtained. The lateral

pressure for each direction (x and y) is calculated as:

£ = ke, fy (A-19)

fi, = kP S (A-20)

in which



A

SX

Py = P
sD (A-21)

- Asy

Py = S

with 4,4, = total area of transverse reinforcement parallel to the x and y axis respectively.

With the minimum value of £,/f, (i.e. either £, /f, or £l f)), the confined strength ratio can be

obtained from figure A-2.
A-3 STRESS BLOCK ANALYSIS FOR CONFINED CONCRETE

Stress block analysis is a very efficient hand method of analysis by which the distribution
of concrete stress over the compressed part of the section can be replaced by a constant stress
block having the same magnitude and location as the original variable stress distribution. As
was observed from the preceding discussion, the effect of confinement is to increase the ductility
~ level of the concrete by increasing the level of maximum attainable stress and the corresponding
strain. Stress block parameters which can capture the effect of confinement is thus necessary
to accurately model the behavior of confined concrete. Such stress block parameters can be

obtained from first principles as illustrated below.
A-3.1 General Stress Block Theory

Stress block parameters that are stress-strain curve dependent can be obtained from stress
block theory. The distribution of concrete stress over the compressed part of the section may
be found from the strain diagram and the stress-strain curve for concrete. This complex stress
distribution can be replaced by an equivalent one of simpler rectangular outline such that it
results in the same total compression force C, applied at the same location as in the actual
member. The average concrete stress ratio « and the stress block depth factor p of this

equivalent rectangular stress block distribution can be determined as:
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(i) Effective Average Concrete Stress Ratio, «: The area (4,) under the stress-strain curve is

Eom

A, = [ fde = aBfle, . (A-22)
0
Thus,
[ f.de (A-23)
ap = °
£ em

(ii) Effective Stress Block Depth Factor, g: The first moment of area (M,) about the origin of

area under the stress-strain curve is

M, = [ fe.de = (1 - E) e [ fode (A24)
0 2 0
Rearranging,
f f,e.de
p=2-2-2 (A-25)

€ m ff;ds
0

For circular sections, studies conducted have shown that the compressive force C, can
be approximated to act at a distan;:e of 0.6p¢ from the extreme compression fiber. Hence, the
expression of o  will remain same as in rectangular sections. For stress block depth factor g,

first moment of area under stress-strain can be expressed as:

M, = [ fede=(1-06)e, [ fde (A-26)
0 o
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Figure A-2 Confined Concrete Strength Ratio based on the Multiaxial confinement Model
of Mander et al. (1988a).
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Rearranging,

fnﬂecde
0

1--°

Cem
€ cm f f,de
0

@-8)

A-3.2 Mander’s Stress Block Parameters

Mander et al. (1984) used the stress-strain equation suggested by Popovics (1973) to
obtain the equivalent stress block parameters for confined concrete by numerically integrating
Popovics equation to give values of « and p. These are shown in figure A-3 which provide
stress block parameters for confined concrete when K varies from 1.0 for unconfined concrete,
to 2.0, an upper limit for members with transverse reinforcing steel. However they cannot be

used in computational moment-curvature analysis because of their graphical form.
A-3.3 Stress Block Parameters suggested by Chang and Mander

Using the modified version of the Tsai equation, Chang and Mander (1994a), obtained
the stress block parameters for confined and unconfined concrete by a numerical integration
procedure. These are illustrated in figure A-3. Similar to the stress block parameters of
Mander et al. (1984), these also suffer from the shortcoming of being graphical in nature, thus
unsuitable for automation. Hence, a stress strain equation for describing the behavior of both
confined and unconfined concrete is proposed (Appendix B) which can be easily integrated to

obtain explicit stress block parameters.
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Figure A-3 Stress Block Parameters for f = 30 MPa.
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APPENDIX B
EXPLICIT STRESS BLOCK PARAMETERS USING A
PROPOSED STRESS-STRAIN EQUATION

B-1 PROPOSED EQUATION

In the present study attributes from the original models of Chang and Mander (1994),
Mander et al. (1988a) and Kent and Park (1971) have been combined to propose a series of
piece-wise stress-strain relationships applicable to both confined and unconfined concrete that
can be easily integrated to give explicit closed form solutions for the stress block parameters.

Equations for the proposed stress-strain model are as follows:

(1) Ascending Branch: A power curve (figure B-1) is assumed to describe the ascending branch

of the stress-strain relation:

AT 4 R ®-1)
e
in which
/
" = E e, B-2)
1!

where e = the strain at any stress of concrete f,, and E = modulus of elasticity of

concrete = 82007 °'*.

(i) Descending Branch: The curve for the descending branch is assumed as a straight line:
fo=f(1-Epe, -e) (B-3)
where E,= modulus of the falling branch. Based on series of experiments performed by Mander

B-1



et al. (1988b), the following empirical relationship for the modulus of the falling branch is
proposed:

E, = 03E K™ (B-4)

where k = confinement ratio of confined concrete. For equationB-3 £, should not be less than0.2 f/

as shown in figure B-1.
B-2 EXPLICIT STRESS BLOCK PARAMETERS

The proposed piece-wise equations were integrated as in equations A-23 and A-25 to
obtain explicit closed form analytical expressions for the stress block parameters that are function
of the concrete strength, level of confinement and maximum strain. Since piecewise stress-strain
model consists of three parts (figure B-1), three expressions were derived for the concrete stress
ratio,«p and for stress block depth factor,p corresponding to the maximum strain of concrete

and are presented below. In the following equations the normalized slope of the stress-strain

curve is given by z=E,/Kf, and x,, = 0.8/ze, +1.

(i) Eguations for concrete stress ratio, ap: The following equations were obtained for concrete

stress ratio, «f :

(@) For e, <el,ie x<1

uB = [1 - (1 _x)n+l _ 1 ] (B-5)
(n+1)x (n+1x

(b) For ¢ <e, s (eé+&8—), ie. lsxs{1+0;8/]
z

ze,

op =( n ) . (1—1) (1-05ze,(x-1)) (B-6)

(n+Dx X
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Figure B-1 Proposed Stress Strain Equation for Unconfined and Confined Concrete.
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(c) For ¢ > (9—8- + eﬁ), ie XXy
z

P =( n ) . 048 0,2(1 _fzﬁ) (B-7)

(n+Dx/ ze x x

(i1) Equations for stress block depth factor,p: The following equations were obtained for stress

block depth factor, p:

(a) For e_< el , ie x<1

(-x_z _ (l_x)n+2 . (l_xnﬂ _ 1
B =21 - 2 n+2 n+l (n+1)(n+2) (B-8)
x%ap
(b) For 82 se < (8£+9'—8-) ie. lsxs[1+9-‘-§]
z ze!
2_1y - ﬁ 3_a.,2 n(n+3)
52 x°-1) 3 (2x° -3x +1)+—(n+1)(n+2) (B'Q)
x2ap
(c) For ¢ > (0—28 + zic) ie x2>Xyy
2 Z8cin 3 .2 n(n+3) 2
(%304 -1) - 3 (22305 3x20%+1>+(—n:1)(n—+2) +0.2(x? - X305 (B-10)

=2-—
P x*ap

The stress block parameters for confined concrete can easily be derived using equivalent
notations. Figure B-2 shows the plot of equivalent rectangular stress-block parameters calculated
using the proposed closed form analytical expressions of stress block parameters. It may be

observed that at nominal ultimate strain of 0.003 the value of the stress block parameters
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proposed by ACI and those obtained from the analytical expressions have approximately the
same value. In the same figure the explicit stress block parameters are also compared with the
stress block parameters of Mander et al.(1984) and Chang and Mander (1994a). These exact
rectangular stress block parameters may be derived by numerical integration of their expressions
using the various models of stress-strain curve studied before. It can be seen that the stress
block parameters from the closed form equations compare well with those from other stress-

strain relations.
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