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Abstract

The development of column interaction diagrams daconfined concrete is a standard
analysis procedure. However, the need to develafysis tools for the actual ultimate capacity
of columns is evident. Modern codes and standasé&roducing the need to perform extreme
event analysis. In previous studies, various mogase implemented to assess the ultimate
confined capacity of columns under concentric alealds. On the other hand, the effect of
confinement in case of the eccentric axial load gnedcorresponding bending moment are not
investigated in such models. So it is demandee@ltde the strength and ductility to the degree of
confinement utilization in a new model. The more #ccentricity the less the confinement
engaged till the effect of the confinement vanisaepure bending. Accordingly, the ultimate
confined strength and the maximum strain range éeatvihe fully confined valudg: and &, (at
zero eccentricity) and the unconfined valtigand 0.003 (at infinite eccentricity) depending on

the level of eccentricity.

Where f__ = ultimate confined strength for the eccentric cutu

H = diameter of the column.

Radial loading with constant eccentricity is folkedvin the nonlinear moment of area

concept that considers the finite layer procedumg the secant stiffness approach, to achieve



equilibrium points ofP-£ andM-¢ up to failure. Three different comparisons are eneddensure
the accuracy of the analysis. The first is to cormaple unconfined analysis results with the well-
known software (CSI-Section Builder). Secondly, tittenate capacity of the confined section is
compared with experimental data. Finally, the nesgeatricity model is compared with the
widely used Mander model, which is applicable taamtric columns, to examine the accuracy

versus safety.
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CHAPTER 1 - Introduction

1-1 Background

The importance of the analysis of circular colurtmgredict their load carrying capacity
was recognized by the architects of the Roman Emfihe analysis of reinforced concrete
circular columns is subject of interest since tma tof the twentieth century up to now. Despite
the early introduction of the concept of confinemand its effects and despite the extensive
research effort to model this phenomenon accuratiety analysis of confined concrete has not
found its way to design practice of new columnassessment routines of existing columns. It
wasn’t until very recently that design specificasand codes of practice, like AASHTO LRFD,
started realizing the importance of introducingrexte event load cases that necessitates
accounting for advanced behavioral aspects likdimement. Accordingly the literature is still
lacking analysis tools that take into account amrfient despite the availability of all kinds of

confinement models.

1-2 Objectives

This study is intended to develop a 3-step analg$igeinforced concrete circular
columns subjected to eccentric loading. First, Wedl-known ultimate capacity analysis of
unconfined concrete is developed as a benchmadtielg Secondly, the unconfined ultimate
interaction diagram is scaled down based ondilfactors of the AASHTO LRFD to the design
interaction diagram. Finally, the actual confin@screte ultimate analysis is developed based on
a new eccentricity model accounting for partial famement effect under eccentric loading. It is
important to note that the present analysis praeediil be benchmarked against a wide range

of experimental and analytical studies to estabtshccuracy and reliability.



It is also the objective of this study to furnigtteractive software with a user-friendly
interface having analysis and design featureswilbtacilitate the preliminary design of circular

columns based on the actual demand.

1-3 Scope

This thesis is composed of seven chapters covénmglevelopment of material models,
analysis procedures, benchmarking and practicdicappns.

Chapter one introduces the work highlighting thgeotives and scope of the report.
Chapter two details the literature reviews as lates to the confinement models, experimental
and analysis studies addressing the behavior aileir columns and the software available in the
market to analyze and design the same type of curi@hapter three describes the current
confinement models used for concentric and eceelaiading in the present analysis procedures.
Chapter four presents the formulation of the unic@af and confined analysis methods of the
circular concrete columns cross sections. Chapteri$ all about reporting on the results and
comparisons providing the necessary discussions@menents. Chapter six briefs the reader on
the software development, program interface deigd &eatures. Chapter seven lists the

conclusions and provides recommendations for futelevant work.



CHAPTER 2 - Literature Review

2-1 Overview

This chapter is divided into four main sectionseTirst section reviews the available
confinement models with brief explanation for eaend viewing the circular confinement
models. Then, experimental studies for columnseurdncentric and eccentric load, take place.
The third part covers eccentricity participationliterature. Finally, . The last section shows

numerical and mathematical analysis done for uncedfand confined concrete analysis

2-2 Confined M odels

Failure of reinforced concrete structures can beegmaized by material failure,
mechanical failure or combination between matearad mechanical failure. Unlike the simple
approach used for analyzing the behavior of plainceete, the more complicated analysis of
confined concrete has been conducted for aboutndrbd years and many models have been
proposed. In 1899, Considere(Martinez et al. 19843s the first to suggest the beneficial effect
to confine axially loaded columns with spiral coi@ment. Morsch, Talbot, Bach, Graf, Withey,
Emperger and Von Thullie made many contributionsvben 1900 and 1916(Martinez et al.
1984). The mother source equation for most ohtbeels is having the form
f. = f, +kf (2-1)
where the maximum confined strendthis related to the peak unconfined strenfggrand the
effective lateral confined pressufiewith a coefficientk. This coefficient varies based on the
concrete mix and the lateral confinement pressuk i was derived or obtained from the
analytical and experimental work. The confinemertdeis available in the literature are
presented chronologically regardless of their caatpge importance. Common notation is used

for all the equations for the sake of consistemay @mparison



Richart, Brandtzaeg and Brown (1928)

Richart et al. Model (Richart et al. 1928) was fingt to capture the proportional relation

between the lateral confined pressure and the al@roompressive strength.

fcc = fc + kl fl (2'2)
The average value for the coefficidatwhich was derived from a series of short column

specimen tests, came out to be (4.1). The stranegmonding to the peak strengthis obtained

from

f
gcc = gco|:1+ k2 [f_|]:| k2 = 5k1 (2_3)

C

whereé&.is the strain corresponding @ k; is the strain coefficient of the effective lateral

confinement pressure. No stress-strain curve wasoged by Richart et al.

Chan 1955
A tri-linear curve describing the stress-strairatieinship was suggested by Chan (1955)
based on experimental work. The ratio of the volwheteel ties to concrete core volume was

the only variable in the experimental work doneafhssumed that OA approximates the elastic

stage and ABC approximates the plastic stage.

=

vl

Stress —  _—~

o
)

Ep &£
Strain

Figure 2-1 General Stress-Strain curve by Chan



Blume, Newmark and Corning (1961)

Blume et al. (1961) were the first to impose thteaf of the yield strength for the
transverse sted),in different equations defining the model, The magenerated has ascending
straight line with steep slope starting from thegiortill the plain concrete peak strength &nd
the corresponding strais.,, then a less slope straight line connect therlgitent and the

confined concrete peak stren@ighandecc

. A f
f_ = 085f, + 4.1?yh (2-4)
_ 022f_ +400psi
o 10° psi (2-5)
E. = Sgy (2-6)

wheregy is the strain at yielding for the transverse @icémentAgis the cross sectional area of

transverse steel reinforcement dnid the cross section height.

Roy and Sozen (1965)

Based on their experimental results, Whiere controlled by two variables; ties spacing
and amount of longitudinal reinforcement, Roy arazeéh (1965) concluded that there is no
enhancement in the concrete capacity by using edies. They proposed a bilinear ascending-
descending stress strain curve that has a pedleahaximum strength of plain concréteand
corresponding straie,, with a value of 0.002. On the other hand there sigsificant increase
in ductility. The ultimate straia., was suggested to be a function of the volumetiio rof ties

to concrete corgs, tie spacing s and the effective height of thessgectiorh.

_3ph
4 4s

£ (2-7)



Soliman and Yu (1967)

Another model emerged from experimental resulke fhain parameters involved in the
work done were tie spacirgy a new term represents the effectiveness ofsgiehe area of ties
As, and finally section geometry, which has threéedént variablesA, the area of bond concrete
under compressiond. the area of concrete under compression langhich represents the
effective width of the section. The model has thaggerent portions as shown in Figure (2-2).
The ascending portion that is represented by aeclilithe peak pointf¢, ). The flat straight-
line portion with its length varying depending ¢re tdegree of confinement. The last portion is a

descending straight line till (0.8§&, &) then it extends down till the maximum strain.

0.8f,

Stress

£ £ £y

ce cs

Sran

Figure 2-2 General Stress-Strain curve by Solintah\au.

q =(1.4%- 0.45] A@’}Sg =9 (28)
f.. = 09u,, (L+ 005q) (2-9)
£, = 055f  *107° (2-10)
£, = 000251+ g) (2-11)
£, = 0.00451+ 085) (2-12)

Whereq refers to the effectiveness of the transverseosieiment.



Sargin (1971)

Sargin conducted experimental work on low and nradatrength concrete with no
longitudinal reinforcement. The transverse steat thas used had different size and different
yield and ultimate strength. The main variable @#d the results were the volumetric ratio of
lateral reinforcement to concrete cpkethe strength of plain concreftg, the ratio of tie spacing

to the width of the concrete core and the yieldrsith of the transverse stégl

| Ax+(D-1)x?
fo=k,f
° 3°[1+(A—2)X+DX2} (2-13)

whereD is a constant controlling the slope of the desggndranch:

D = 065-7.2f_*107 (2-14)
x=Le
e (2-15)
—_ ECECC
_ S | Ps fyh
_ 0.734s | A5 fyn
&, =0.0024+ 0.037{1— } \/T (2-18)
f.=k,f, (2-19)

Wherekzis concentric loading maximum stress ratio.



Kent and Park (1971)

As Roy and Sozen (1965) did, Kent and Park (128%ymed that the maximum strength
for confined and plain concrete is the sdmeThe suggested curve starts from the origin then
increases in a parabolic shape (Hognestad's Pajatiblthe peak af' . and the corresponding
strain &, at 0.002. Then it descends with one of two différstraight lines. For the confined
concrete, which is more ductile, it descends il point (0.5°c, ¢s00 and continues descending
to 0.ZF'c followed by a flat plateau. For the plain concrigtgescends till the point (0f, esoy)
and continue descending to 0.2as well without a flat plateau. Kent and Park es=t that

concrete could sustain strain to infinity at a ¢ansstress of 0.2c

Stress

gc gSOu 5500 6200
Sran

Figure 2-3 Stress-Strain curve by Kent et al.

2
| 2¢ £
f =f € -1 ==
c { e ( fco] ] (2-20)

, =3t 0.002f,
50u f.-1000 (2-21)
2(h+b)A,
=7 2-2
P == (2-2p
Es0n = €s0c ~ Esou (2-23)



3
Eson = 2 P s (2-24)
05
Z= ;
ESOh +‘950u _‘900 (2 25)

whereps is the ratio of lateral steel to the gross sedli@neaz is constant controlling the slope

of descending portion.

Vallenas, Bertero and Popov (1977)

The variables utilized in the experimental worki@docted by Vallenas et al. (1977) were
the volumetric ratio of lateral and longitudinadetto concrete cope, ratio of longitudinal steel
to the gross area of the sectjgnties spacing, effective width size and strength of ties ane siz
of longitudinal bars. The model generated was sintd Kent and Park model with improvement
in the peak strength for confined concrete. Foragmending branch:

E.c

f —Cf < x — kx®
f_c' = c &, < € (2_26)

For the descending branch:

% = k[l— ZECC(X —1)] EcSE SE (2-27)
% =&, € < & Eu = 0.3k (2-28)
X= i

Eoe (2-29)
foo = KK, (2-30)

.
|:p +d7 pl :| fyh
k=1+ 0.009{1— 0.2455} ‘ (2-31)
e



_ 07340 f,
qc_oooz4+aoo{1— . } 2 (2-32)

Jr

7= 05
§ps h + % - 0.002 (2-33)
4™\'s | f. -1000

wherek is coefficient of confined strength ratis the slope of descending portiahandd’ are

the diameter of longitudinal and transverse reitdarent respectively.

Wang, Shah and Naaman (1978)

Wang et al. (1978) obtained experimentally ano#tegss strain curve describing the
behavior of confined reinforced concrete under casgion. The concrete tested was normal
weight concrete ranging in strength from 3000 t®QL psi and light weight concrete with
strength of 3000-8000 psi. Wang et al. utilizedegnoation, with four constants, similar to that of

Sargin et al.

cC

Stress
—

045f,

2i

cc i £2i
Strain

Figure 2-4 Proposed Stress-Strain curve by Waad(E278).
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_ AX+BX? 034
1+CX + DX 2 (2-34)

where
—_ fC
== (2-35)
gC
X=— (2-36)

The four constan®A, B, C, Dwere evaluated for the ascending part indepengeasitithe

descending one. The four conditions used to ewvalina constants for the ascending part were

ﬂ _ Eoss
dX E. at X=0
X = 045
Y = 045 for Eo_45
Esec
Y=1 FooX =1
dy
—=0 =
dX at X=1

whereas for the descending branch:

Y=1forX =1
d
d—y=0at X=1
X
f E
Y=—1 ¢ X =21
f for <

11



wheref; and g are the stress and strain at the inflection pdingnd & refer to a point such

that €a —& =& ~&.

Scott, Park, Priestly (1982)

Scott et al. (1982) examined specimens by loadirggh strain rate to correlate with the
seismic loading. They presented the results inoythe effect of eccentricity loading, strain
rate, amount and distribution of longitudinal staetl amount and distribution of transverse

steel. For low strain rate Kent and Park equatiweie modified to fit the experimental data

2
| 2€ £
f,=Kkf | == - = £, < 0.00X ]
¢ { K ( fcokJ ] c (2-37)
f, =kf[1-Z, (e, -000X)] & >0.00% (2-38)
where
psf h
k=1+—=2 ;
f. (2-39)
_ 05
3+029f, 3 [b_ o ox (2-40)

145f ~1000 47°V's

for the high strain rate, the k ang, ¥ere adapted to

f

= 1250+ %) (2-41)
_ 0625

3+0291, 3 [b_ (2-42)

145 ~1000 47°V's

and the maximum strain was suggested to be:

i
£ =0.004+09p | -2 i
o ps( 300} (2-43)

It was concluded that increasing the spacing whikantaining the same ratio of lateral

reinforcement by increasing the diameter of spiraéziuce the efficiency of concrete
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confinement. In addition, increasing the numberlargitudinal bars will improve the

concrete confinement due to decreasing the spaeitvgeen the longitudinal bars.

Sheikh and Uzumeri (1982)

Sheikh and Uzumeri (1982) introduced the effetyiveonfined area as a new term in
determining the maximum confined strength. In addito that they, in their experimental work,
utilized the volumetric ratio of lateral steel toncrete core, longitudinal steel distribution,
strength of plain concrete, and ties strength, igardition and spacing. The stress-strain curve
was presented parabolically up fg,(scc), then it flatens horizontally tikk.s and finally it drops

linearly passing by (0.8§, ess) till 0.3 fe, In that sense, it is conceptually similar to dalier

model of Soliman and Yu (1967).

Stress

& gcs . ‘985
Sran

Figure 2-5 Proposed general Stress-Strain cung&hieykh and Uzumeri .

foc andecc can be determined from the following equations:

foo =Ko (2-44)

cc S ' C
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P 55b?

occ

L2770 ne? Y. s .
ko =1+ Kl ][1 ij }/psfs (2-45)

£, = 055 f_*107 (2-46

~ 081 s\’ ) o, f.
Ees _Eco(l-'-T{l_g{Bj }\/?C] (2-47)

Whereb is the width of the cross sectiois is the stress in the lateral confining bar &nid

center-to-center distance between longitudinal.bars

Ahmad and Shah (1982)

Ahmad and Shah (1982) developed a model based hen ptoperties of hoop
reinforcement and the constitutive relationshipplain concrete. Normal weight concrete and
lightweight concrete were used in tests that wesadacted with one rate of loading. No
longitudinal reinforcement was provided and themtaio parameters varied were spacing and
yield strength of transverse reinforcement. Ahmed 8hah observed that the spirals become
ineffective when the spacing exceeds 1.25 the diemwd the confined concrete column. They
concluded also that the effectiveness of the spérahversely proportional with compressive
strength of unconfined concrete.

Ahmad and Shah adapted Sargin model counting erottahedral failure theory, the

three stress invariants and the experimental gesult

_ AX+(D, DX’
T 1+(A —2)X +D, X2 (2-48)
fpcs
Y= (2-49)
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X —Eg—' (2-50)
wheref,cs is the highest principal compressive strdss,is the highest principal compressive
strength,& is the strain in the i-th principal direction agglis the strain at the peak in the i-th
direction.

E f
A = E = _r
E Eip

ip

Ei is the initial slope of the stress strain curldg,is a parameter that governs the descending
branch, and, is the highest principal compressive strength. NViiee axial compression is
considered to be the main loading, which is typyctie case in concentric confined concrete

columns, Equations (2-46), (2-47) and (2-48) become

_ AX+BX?
1+CX +DX?
y=te
fCC
x =%
E
A=—¢

Martinez, Nilson and Slate (1984)

Experimental investigation was conducted to prepeguations to define the stress strain
curve for high strength concrete under compreskiaeing. The main parameters used were
compressive strength for concrete, amount of cenfient and specimen size. Two types of
concrete where used; normal weight concrete wrgngth to about 12000 psi and light weight

concrete with strength to about 9000 psi. Martie¢zal. (1984) concluded that the design
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specification for low strength concrete might besafe if applied to high strength concrete. For

normal weight concrete:

(f.. - f.)=4f, (1—d—s.) (2-51)

and for light weight concrete:

(f,. - f.)=18f, (1—d—s.) (2-52)

whered’ is the diameter of the lateral reinforcement.

Fafitis and Shah (1985)

Fafitis and Shah (1985) assumed that the maximyracotty of confined concrete occurs
when the cover starts to spall off. The experimenwtak was done on high strength concrete
with varying the confinement pressure and the atecstrength. Two equations are proposed to
express the ascending and the descending branttiesroodel. For the ascending branch:

A
f = fccll—(l— i J ] O<e <e, (2-53)

cc

and for the descending branch:

fo=1f, exd— k(e, —scc)m’J £, <E, (2-54)

The equations for the constant A and k:

A= ;‘cc (2-55)
k=017f_ ex;{— 0.0ll] (2-56)
Al
f Y
A =1-25"|1-exp ——= (2-57)
f. 6500
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fec andecc can be found using the following equations:

fo= /12[ £ {1.15+ 3?48] fr} (2-58)

Cc

£, =1027*107 f, + 0.02961, ff—' +0.00195 (2-59)

cc

3
A, = 1+15{%] (2-60)

Cc

fi represents the confinement pressure and is giyémebfollowing equation:
2A f
;= 2B (2-61)

! sD
D is the core diameter of the column.

Yong, Nour and Nawy (1988)

The model suggested by Yong et al.(1988) was basedxperimental work done for

rectangular columns with rectangular ties.

fee = Kf (2-62)
0.003{1—0'7345]( )
£.. = 000265+ T (2-63)
fC
0.245 md ) f
K =1+0.00911- +—p |- 2-64
{ ][p u d,q] - (2-64)

f = fc{oz{ :5 J+ 0.4} (2-65)
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£ = K{l/{ EKJ + 0.0003] 2-66)

f=f|0028 = |-0065/> 03f (2-67)
1000

Where m is the number of longitudinal bars.

Mander, Priestly and Park (1988)

Using the same concept of effective lateral carfient pressure introduced by Sheikh
and Uzumeri, Mander et al. developed a new confimedel for circular spiral or rectangular
ties. In addition Mander et al. was the second grafter Bazant et al.(1972) to investigate the

effect of the cyclic load side by side with monatoone.

f= f{—l.254+ 2254 |1+ 7'9]‘4"' —2:',] (2-68)
"
£, = £C{1+ E[f —1}} (2-69)

1
fI zikepsfyh = ke fI (2-70)
_ fxr
fe T lex (2-71)

cc

—h

o .

Stress

co cc cu

Strain

Figure 2-6 Stress- Strain Model proposed by Maetet.
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=Ty @72
r B (2-73)
EC - ESEC
Ec
x=—= (2-74)

Wherek. is the effective lateral confinement coefficient:

ke = A (2-75)

A

Ac is the area of effectively confined concrete, @qgdis area of core within centerlines of

perimeter spirals or hoops excluding area of lamital steel.

Saatcioglu and Razvi (1992)

Saatcioglu and Razvi (1992). Concluded that thesipadateral pressure generated by
laterally expanding concrete and restraining trarsy reinforcement is not always uniform.
Based on tests on normal and high strength con@eaggng from 30 to 130 MPa, Saatcioglu and
Razvi proposed a new model that has exponentialisaship between the lateral confinement
pressure and the peak confinement strength. Thretests by varying volumetric ratio, spacing,
yield strength, arrangement of transverse reinfossg, concrete strength and section geometry.
In addition the significance of imposing the tieammgement as a parameter in determining the

peak confined strength was highlighted.
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co Egc "
Strain

Figure 2-7 Proposed Stress-Strain curve by Sadtcagl Razvi.

f.=f +kf, (2-76)

k, = 6.7(f,)" (2-77)

f =k,f, (2-78)
(2-79)

- oas 7] )<

wherec is spacing of longitudinal reinforcement.

Sheikh and Toklucu (1993)
Sheikh and Toklucu(1993) studied the ductility astiength for confined concrete and

they concluded that ductility is more sensitivegritthe strength, to amount of transverse steel,

and the increase in concrete strength due to cemiémt was observed to be between 2.1 and 4

times the lateral pressure.
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Rasheed and Dinno (1994)
Rasheed and Dinno (1994) introduced a fourth dggogaomial to express the stress

strain curve of concrete under compression.

fo=a, tae, +a,6l +a.el +a,8! (2-80)
They evaluated the constantsaausing the boundry conditions of the stress sicaive.

Similar to Kent and Park, they assumed no diffeedretween the unconfined and confined peak

strength.

f.=k.f,

cc c'C

(2-81)
where
k. =1

They used expression taken from Kent and Park &uete the slope of the descending

branch starting at 0.003. A flat straight line wasposed when the stress reacest. up to

Cc&c.Where Gis the ratio of maximum confined compressive sttaig.,

El-Dash and Ahmad (1995)

El-Dash and Ahmad (1995) used Sargin et al. mtdpledict analytically the behavior
of normal and high strength concrete in one sesfesquations. They used the internal force
equilibrium, properties of materials, and the getrynef the section to predict the pressure. The
parameters imposed in the analytical prediction rethplain concrete strength, confining
reinforcement diameter and yield strength, the matric ratio of confined concrete to the core,

the dimension of the column and spacing.

_ AX+(B-1X? (2-82)
1+(A-2)X + BX?

where
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v=Tfe (2-83)

X =% (2-84)
gCC

f=f +kf, (2-85)

Ece =€ TK, L (2-86)

A= E;Em (2-87)
033
g=105 1 (2-88)
Ji| s
4
£ 05 d 025
k, = 5.1[ c (—) (2-89)
fyh ps
065

(2-90)

S
f, =050 f , (1- /— 2-91
| ps yh( 12%8) ( )

Cusson and Paultre (1995)
Unlike all the previous work, Cusson and Paulfr@96) built their model based on the
actual stress in the stirrups upon failure and thigly not consider the yield strength, as the

experimental work have shown that the yield stierigt the transverse steel is reached in case
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of well confined columns. The ascending and theeleding branches in the model curve are

expressed by two different equations. For the alogrportion

c cc K ‘gc < gcc (2'92)
k+1+| S
é‘CC
K= E—f (2-93)
e
gCC

For descending one:

fo= foexpl (b —£2)2) £ 26

c cc (2_94)
K, = In 05 . (2-95)
(gcsoc _gcc)
fll 14
k, = 058+19 - (2-96)

where £, is axial strain in confined concrete when strespsito 0.5..

Following the same methodology of Sheikh and Uzi(1@82) and Mander et al. (1988)

Cusson and Paultre considered the lateral confinepressurd.

. :ﬁ{&x%y]

2-97
S b+h ( )

where Ay and Ay are the lateral cross sectional area of the laséeal perpendicular to x and y

axes respectively.

efals

2-98
1_10cc ( )

(2-99)
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Where wa is the sum of the squares of all the clear spabetgveen adjacent longitudinal

steel bars in a rectangular sectiqpahde.. can be found by the following equations

f = fc'[1+ 21(:_'] | ] (2-100)

N\ 17
Ee =&y T 02{%} (2-101)

C

N\ 11
£, = 0.004+ o.15{%] 2-102)

Attard and Setunge (1996)

Attard and Setunge (1996) experimentally deterchindl stress strain-curve for concrete
with compressive strength of 60 —130 MPa and wathfiaing pressure of 1-20 MPa. The main
parameters used were peak stress; strain at pesss,stecant modulus of elasticity, and the
stress and strain at point of inflection. Attardl @etunge followed the same equation used by

Wang et al (1978). and Sargin et al (1971):

AX +BX?

T1+CX +DX? (2-103)
where
f
Y = fc (2-104)
x = £ (2-105)
£

For the ascending branch, the four constant wareddy setting four conditions:

1-atf, =0, df, =E
de

c

C
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df,

2-atf, =f,
de

=0

c

3-atf, =f_ & =&,

cc’?

4-at f, = 045f &, = fe

045

The constants are given by:

As E;fcc (2-106)
] AZ(L- EE° )
B=_ (ATD" _ Fws g (2-107)
E, (1_ 0-45fc] E, | 045f, (| 0451,
E0'45 fcc EO.45 fcc fcc
C=A-2 (2-108)
D=B+1 (2-109)

while for the descending curve the four boundanyditions were

1- atf, =f_, df, =0
de,
2-atf, ="f_,& =€,

3-atf, =1, =¢
4-atf, =1,,6. =¢,

wheref; andg refer to the coordinate of the inflection point.

The four constant for the descending curve are

_| & T & ExE _ 4. E, _
S e i) N

B=(e, —gi)[( 5 E_Zif .)} (2-111)
C=A-2 (2-112)
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D=B+1 (2-113)
Thef,. came out to be a function of the confining pressthie compressive and tensile strength

of concretd’ , f;, and a parameter k reflects the effectivenesswfimement.

k
f. [ f,
e =| tgg 2-114
f, (fc } (2-114)
f, 17, |02
k=1251+0062 - (1) (2-115)
Lo =1+ (17- 006f, %] 126)

Mansur, Chin and Wee (1996)

Mansur et al. (1996) introduced casting directiagh, the member is cast in
place(vertically) or pre-cast (horizontally), asiew term among the test parameters, for high
strength concrete, which were tie diameter andisgaand concrete core area. They concluded
that the vertically cast confined fiber concrets hagher strain at peak stress and higher ductility
than the horizontally cast specimen. In additioertigally cast confined non-fiber concrete has
larger strain than that of horizontally cast coteneith no enhancement in ductility. Mansur et
al. utilized the same equations found by Carreind &€hu for plain concrete with some

manipulations, for the ascending branch they useexact same equation

£
gCC
B
=8
é‘CC

wheref is a material parameter depending on the stress sthape diagram and can be found

2-117)

by :
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8= 1 (2-118)

1- cc
Eec Ec

ki andk; are two constants introduced in the equationrdesg the descending branch:

E
c cc k. (2'119)
kllg -1+ (8]
SCC

for confined horizontally and vertically cast naber concrete:

f
k, = 2.77(%] (2-120)

c

k, = 2.15{p Sf y“j +017 (2-121)

C

for horizontally cast confined fiber concrete

C

k, = 33{p Sf y“}+ 012 (2-122)

k, = 1.62( p Sf y“}+ 035 (2-123)

C

and the values df; and&, can be obtained from the following equations:

for confined non fiber concrete:

f ps fyh e
¢ =1+06 — 21 (2-124)
f. f.
for confined fiber concrete:
f 123
ff— = 1+11.6:{%J 2-125)

for vertically cast fiber concrete
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f 2
oo —14 62.2( P Sf ,y“} (2-126)
£

co Cc

for horizontally cast fiber concrete and verticalhst non fiber concrete

& psfyh %
© =1+2 = (2-127)

&

co C

and for horizontally cast non fiber concrete

& ps fyh -
fee 1459 =01 (2-128)
£ f

co Cc

Hoshikuma, Kawashima, Nagaya and Taylor (1997)

Hoshikuma et al(1997). developed their modelsatesfy bridge column section design in

Japan. The model was based on series of compreksmding tests of reinforced concrete

columns specimens that have circular, square adidtype cross sections. The variables that

varied in the experimental wok were hoop volumetaiio, spacing, configuration of the hook in

the hoop reinforcement and tie arrangement.

Hoshikuma et al(1997). asserted that the ascerutangch represented in second degree

parabola is not accurate to satisfy four boundanddions:
1- Initial conditionf.= 0, &.=0.

2- Initial stiffness conditiordfy/d e.=E

3- Peak conditiof=f ¢

4- Peak stiffness conditiadfy/de.=0

The function that defines the ascending branch is:

n-1
i = Ecgcll-l( £ J ] 2-129)
N\ &,
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I (2-130)
gCC - fCC

For the descending branch:

fo=f,-E.(e. —¢.) (2-131)

Cc cc

whereEgesis the slope of the descending line and can bedasing the following equation

g - 112 (2-132)

des
Ios fyh
2

f

Cc

The peak stress and the corresponding strain éocithular section

f
ff— 1+ 3837 Sf t (2-133)
Ios fyh
=0.00218+0.0332—> - (2-334
while for the square section
f
ff— 1+ 0732 Sf t (2-135)
Iosf h
£,. = 0.00245+ 0.0122—=" - bl (26)

C

Assa, Nishiyama and Watanabe (2001)

A new model was proposed for concrete confinedpgmakreinforcement based on concrete-
transverse steel interaction. The two main parametere concrete strength and lateral stress-
lateral strain relationship that represents thparse characteristics of the transverse steekto th
lateral expansion of concrete. Assa et al. (2004dleted a confinement mechanism and limited
the lateral expansion of the confined concrete lidn maximum lateral expansion capacity.
Assa et al. reached some relationships expresgbd following equations:

';CC =1+ 336]1:— (2-137)

Cc Cc
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Lo =14 21.5% (2-138)
£

co Cc

£, = 00021+ 0.016% (2-139)

c

where &¢, is the maximum lateral concrete strain. The pregdostress-strain curve has one

equation:
_ 2
foog [ OXH(B-DX (2-140)
1+(a -2)X + BX?
x = £ (2-141)
&

cc

wherea controls the stiffness of ascending branch grabntrols the slope of the descending

branch:
o= E;fcc (2-142)

2
(‘980] ~(02a +16)% + 08
p=| e €oo (2-143)

2
02 @
“:CC

whereé&yis the strain af.8%.

Lokuge, Sanjayan and Setunge (2005)

A simple stress-strain model was proposed baseshear failure. The model was based
on the experimental results taken from Candappa0.2Q@kuge et al.(2005) proposed a

relationship between axial and lateral strain:

& ={L] fee (2-144)

“:Icc “:cc
a
& & .
== (_J E>¢€ (25)
glcc gcc
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where¢£ is a strain at a point where axial strain andrédtstrain curves deviate.is the

initial Poisson’s ratio, and a is a material pareanevhich depends on the uniaxial concrete

strength
v=8+10"(f_ ) +00002f, +0.138 (2-146)
a=00177f, +12818 (2-147)

2-3 Classification and comparison of Circular spiral confinement Models

As stated by many researches, like Mander et aB,198ott et al 1982, Sheikh and
Uzumeri 1980 and Shuhaib and Mallare 1993, thealspwor circular hoops are more efficient
than the rectangular hoops. The uniform pressunergéed by the circular hoop is one of the
reasons of Circular spirals advantage. Accordingitband Dancygier 2005, there are four main
approaches for the modeling confined concrete teydaties

1- The empirical approach: in which the stressisitarve generated based on the
experimental results. Fafitis and Shah 1985 andhidoma et al. 1997
followed that approach for circular reinforced cagte analysis.

2- Physical engineering model based approach: atexal pressure, causes the
confined behavior of the concrete core, is providgdhe arch action between
the lateral reinforcement ties. This approach wdepted by Sheikh and
Uzumeri 1980, and was followed by Mander et al 1988

3- The third approach is based either on the dipgiroach or the second one, but
it does not assume the lateral ties yielding. bubtdt include computation of

the steel stress at concrete peak stress, eithentimducing compatibility
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conditions, solved by iterative process as CussahRaultre 1995 did, or by
introducing empirical expressions as SaatcigoluRazvi 1992 followed.
4- A plasticity model for confined concrete cordranluced by Karabinis and
Kiousis (1994). The shape of the confined coreaseld on the arching action.
According to Lokuge et al 2005, the stress stramdets can be classified by three
categories:
1- Sargin 1971 based models: Martinez et al. 1884nad and Shah 1982, Eldash and
Ahmad 1995 Assa et al. 2001.
2- Kent and Park 1971 based models: Sheikh and Bauri82, Razvi and Saatcigolu
1992.
3- Popovics 1973 based models: Mander et al. 1@88son and Paultre 1995 and
Hoshikuma et al. 1997.
The main circular confined models are Chan 1955nadh and Shah 1982, Martinez
et al. 1984, Mander et al. 1988, Fafitis and SH861EIl-Dash and Ahmad 1995, Cusson

and Paultre 1995, Hoshikuma et al. 1997 and Assh 2001.

Lokuge comparison (2005)

Sargin model was generated empirically from speosn which did not have
longitudinal bars. In addition the section geometnyd tie configuration were not
considered in generating the model. Dependentiytive et al. And Ahmad and Shah
pursued experimental work with no longitudinal bansl no cover. These conditions are
very essential in columns components, as the lodgial bars are considered to be part

of the lateral confinement elements. In additiom Work done by Martinez et al. was for
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the high strength concrete, which covers portiorthef concrete analyzed. El-Dash and
Ahmad developed analytically one equation to defimeascending and the descending
branch for stress-strain curve. However they retirdAhmed and Shah and Martinez et
al. for defining the lateral confining pressure.

Kent and Park model was based on the unrealissienastion, which states that the
maximum compressive strength for confined and uficed concrete, are the same. In
addition they assume that the failed concrete aemtas load equal to 0.R; up to
infinity.

Popovics model was originally for plain concretaasHikuma et al. developed their
model empirically. The model proposed has ascenditydescending branches, which
might represent discontinuity or a lack of smoo#seone. Furthermore, the generated
model did not address the arching effect accoutttelly the second approach described
by Eid and Dancygier 2005. On the contrary, Manekeal. and Cusson and Paultre
generated their models according to the effectateral pressure generated from the
arching effect between ties. However, Cusson andtfeamodel was utilized based on
the high strength concrete, and similar to Hoshi&unihe model has ascending and
descending branch, which represents weakness maheling concept.

Based on this comparison Mander et al. model wigsteel among different models
for conducting this study. According to Eid and Dggier (2005) classification, Mander
et al. model is among the second approach modelsoiiform to the first approach and
unlike most of the experimental works, fifteen fsitte reinforced concrete columns, 19.7
in. diameter and 59.1 in. height, were tested catnioally in order to verify the proposed

model. Spolestra and Monti 2000 stated that thesteom lateral confinement pressure
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assumption is correct only when the lateral steghithe yielding phase, accordingly,
Mander model correctly represents the lateral dtebhvior, except in the initial phase
when steel is elastic. This verification satisfile third approach in Eid’s classification.
In addition to that, Mander model uniquely, besiddsDash and Ahmad Model, is
defined by one equation for the ascending and degsug branches. Furthermore,
O’'Shea and Bridge 2001 adapted Mander model tthétconcrete filled steel tubes
model, and Spolestra and Monti 2000 adapted thes sandel to fit concrete wrapped
with FRP. So it can be concluded:
1- Mander model is defined by one equation
2- Mander model is adaptable to fit different caefnent types like steel tubes
and FRP wrapping.
3- Mander model was successfully benchmarked aigexperimental work done
for fully sized columns

4- Mander model is one of the most widely used lam@vn models

2-4 Experimental Studies

Columns under concentric axial loads

Most of the proposed models were compared to exgetal work done by the same
authors of these models. Experimental work was woted intensively for columns under
concentric axial load. Rectangular cross sectios tha focus of the most tests, like Scott et al.
(1982). The circular cross section was tested dk lweMander et al. (1988) for example. As
illustrated in Table (2-1) Ahmad and Shah 1982 usiglit series of specimens, six for normal
weight concrete and two for lightweight concreteheTspecimens were cylinders with

dimensions of 3X6 in and 3X12 in. Martinez et dl9§4) tested ninety-four specimens with
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dimension of 4X8,4X16,5X24 and 6X24in cylinders. ndar et al (1988) examined full-size
circular reinforced concrete columns with dimensodri9.7X59.1 in. While Cusson and Paultre
(1995) examined 11 specimens with core diamet&:6¥ in. Hoshikuma et al. (1997) tested six
specimens with diameter of 7.87 in. and 10 columnit diameter of 19.68 in. but the
longitudinal steel ratio was around 1 % and les®iting to Japanese codes. Finally Razvi and

Saatcigolu 1999 tested 16 specimens with core dexma&nging from 8.6 in. to 8.8 in.

Table 2-1 Experimental work conducted for conceatly loaded columns and cylinders

Name Dimensions (in.) Columns/cylinders Number
Ahmad and Shah 1982 3*6 and 3*12 8 series cylinders
Martinez et al. 1984 4*8,4*16,5*24 and4 cylinders

6*24
Mander et al. 1988 19.7*59.1 15 columns
Cusson and Paultre 1995  5.67 11 cylinders
Hoshikuma et al. 1997 7.87 and 19.68 6 cylindedsl@hcolumns
Razvi and Saatcigolu 1999.6 -8.8 16 cylinders

Columns under combined axial load and bending moment.

University of lllinois (1930) was one of the pi@ms to test circular specimen
concentrically as well as eccentrically. Chan 18%&mined eccentrically loaded specimens with
very small eccentricity. Sargin 1971 conducted expental work for eccentric loading besides
concentric one. However no full information was wimented for verification. Fafitis and Shah
1985 examined four 23.65 in. diameter octagonalroak with circular spirals. Dodd and Cooke
conducted experimental work for specimens with @mgiter of 7.87 in. Esmaeily and Xiao

examined 16 in diameter columns with a height &f D
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2-5 Eccentricity consideration

Unlike concentric loading, the eccentric loadingng@ates bending moment in addition to axial
loading. Columns subjected to eccentric loadingalehdifferently from those concentrically
loaded, as the shape of the stress strain curvilfgrconfined reinforced concrete (concentric
loading) shows higher peak strength and more dyctihan the unconfined one (infinite
eccentricity). Most of the previous studies wersdshon the uniform distribution of compressive
strain across the column section. According to Ggealu et al. 1995, there is no difference
between the stress strain curves for concentriceandntric columns for plain concrete. Soliman
and Yu 1967 reported, by testing small-scale spexcanthat the confinement pressure provided
by transverse reinforcement would be different wnaestrain gradient than under uniform
compression. Sargin 1971 showed relationship betweeation of the neutral axis and
improvement in the strength and ductility. Samraletl996 adapted ACI expression for spiral

steel by multiplying it by a function of eccentticto column diameter ratio.
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Figure 2-8 Eccentricity and maximum force relattups
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Figure 2-8 shows the decrease in maximum apptisxfwith eccentricity increasing for
two different cases, which are taken from Hogend@@D. Table 2-2 shows different parameter
values for the two cases.

Table 2-2 Parameter details for the two cases thkem Hogenstad 1930

Parameter Casefl Case?2
Diameter in. 12 12
Cover in. 1 1
f, ksi. 435 | 435
fyn Ksi. 32 32
Spacing in. 15 1.5
Longitudinal steel 8#7 8#7
Spiral Steel Diameter inj 0.283 0.26R5
fe K. 5.15 3.37

Fafitis and Shah 1985 examined four full size oois subjected to eccentric loads, and
generated computer program, as mentioned eaiemédment curvature prediction. Sheikh and
Yeh 1990 stated that none of the confinement moededslable represents the behavior of
eccentrically loaded columns. Saatcigolu et al.5188sted twelve rectangular cross section
columns loaded eccentrically. The parameter testede the arrangement, spacing and
volumetric ratios of transverse steel. They conetudhat the concentrically loaded confined
concrete stress strain curve could represent tloengically loaded confined concrete by

incorporating the relevant parameters of concentidfinement in their model.
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Esmaeily and Lucio 2004 stated that the depth afpression zone does not play any
role in any model in terms of strength and dugtiliEigure (2-9) illustrates three different
sections under concentric load, pure bending momestcombination of axial load and bending
moment, The highlighted fiber in the three cases b same strain, and any current
confinement model will yield the same stress farsth three fibers. So it is more realistic to

relate the strength and ductility in a new modehmlevel of confinement utilization.

RN RN

RN
P % %

Figure 2-9 Effect of compression zone depth on iERrctrength

Fam et al. 2003 was the first to develop eccetyrlzased model for concrete filled FRP
tubes, they utilized Fam and Rizkalla 2001 modetrasipper bound (bi-linear curve) as well as
Popovics model for unconfined concrete as a lowend (non linear curve). For the concentric
loading case, the failure strain proposed was titaénscorresponding to the peak strength. Then
it increases based on the eccentricity till maximsimain for unconfined concrete. A shape
parameter was introduced to allow for smooth ttaosibetween the upper linear curve and the

lower non-linear curve.
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2-6 Numerical and Mathematical Analysis

Numerical and Mathematical analysis varies acogrdo the geometry of the section.
Rectangular cross section analysis has been igagsti by many researchers like Medland and
Taylor (1971), Lazaro and Richards (1973), Kronkale (1973), Gunnin and Furlong (1977),
Rasheed and Dinno (1994). The main focus was onrthenfined cross section, since this was
the first priority of different codes. On the otheaind, the circular cross section analysis was
conducted by adapting some concepts of the rec@ngross section or by considering some
approximations. The numerical analysis proceduoesuficonfined and confined circular cross

section are summarized chronologically below.

Unconfined Concrete

Everand and Cohen (1964, 1997)

Everand and Cohen (1964) developed equations foergeng the interaction diagram
for square and circular cross sections with lortital steel bars arranged in a circle. The
computer program produced was used by ACI commBtedesign handbook. According to
Everand (1997), the equations generated are adeptabny cross section enclosed by a square
with an area Bby imposing an area factar (174 for circles, 0.866 for hexagonal cross section
and 0.8284 for octagonal cross section). In aduittbe equations were generated for
reinforcement ratio between 0.01 and 0.08. Howeher, can be used for a ratio less than 0.01.

As shown in Figure (2-8) Everand and Cohen repldoaditudinal bars arrangements

with a thin steel ring equivalent to steel totadaar
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where h is the ring thickness. The dimensionlegsession for the nominal axial forkg
Pn
f A,

whereksrepresents the reinforcement forkejs a correction factor for concrete displaced by

Kk, =

=k, +k, -k, (2-159)

steel andk. represents the concrete force:

ps

k. =219 +0, -7+ Y sing, -sing, - (8, - 8,)cosd,) (2-160)
f AT ng
D
k, = {%} (2-161)
T
k, = [3'—35}(92 —siné, cosb,) (2-162)

The dimensionless expression for the nominal morRgnt
e M
— k = : n - + —_ R 2‘163
Ro=kp = rap - RR (2-163)

whereRsrepresents the reinforcement mométjs a correction factor for concrete displaced

by steel andR. represents the concrete moment:

. . L
R, = X4 sing, +sing, +| —~ sin6, 006, - sinf, cosf "‘(64 ‘QSJ - (cos6 (sing, —sing, ))
2f Am A 2 2 2
D
(2-164)
R, =| 28%Y g (2-165)
f 2]7_ 5
Rc — [f_zsj}sinia‘ 02 (2'166)
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According to Everand 1997, The closed form solufmmthe nominal force and nominal
moment can not be adaptable to any other cros®msatitferent than the circle. In addition The
development of equations was based on the assumiptat the entire steel area is lumped into
equivalent steel ring. Although this assumption@ify the calculations, it affects the results and

does not account for vertical bars location witkpext to the neutral axis.

Davalth and Madugula (1988)
Davalth and Madugula (1988) developed a numericatqrlure for analysis and design

of reinforced concrete circular sections subjedtedxial load and bending moment, using the
strength theory of ACI 318-83. Davalth and Madugarigued that the equations of equilibrium
are complex because of the cross section typerendiscrete position of bars. Instead a trial and

error procedure was followed using computer prognarg.

|
1

Strain in reinforcement and concrete is assudiexttly proportional to the distance

from the neutral axis.
2- Maximum strain in extreme concrete compressioerfis 0.003
3- The stress-strain curve for reinforcement istadgperfectly plastic.
4- Tensile strength of concrete is negligible.

5- The relationship between concrete compressressdistribution and concrete strain

is assumed to be rectangular satisfying the ACI&3.8
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6- Design strength is developed either when conspresstrain in concrete reaches

0.003,0r the maximum tensile strain in the reindonent is equal to the limiting value

specified by the designer.

EPS ; NA
L | —
—° e
£max> | ¢ a
Ey N T € max T
A
s L 0.003 0.003
fs=fy
0.85f'c
Orientation 1 Orientation 2

Figure 2-11 Two different cases for circular cresstion according to Davalth and Madugula

analysis

The equilibrium of force equation:
P =P +P, (2-167)

where P, is the nominal axial load strength of cross sectf. is the nominal compression

strength of concrete ari®l is the nominal axial load strength of steel.
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2

P. = OBSf{% (Za—sinZa)—i Aonb} (2-168

P = Z fs AN, (2-169)
1

whereh is the diameter of the circular cross sectigns one half of the angle subtended at the
center of the cross section by the concrete comjpuestress blocly, is the cross sectional area
of each reinforcing ban, is the number of reinforcing bars in each row [@réo moment axis,
and n; is the number of rows of reinforcing bars in thene of concrete compression stress
block. The nominal flexural strengM, is equal to the nominal flexural strength duedoarete

M. and the nominal flexural strength dueMg

M, =M_+M, (2-170)
_ | h? s N h
M, = 085f | ——sin*a~> An, ~-cosf (2-171)
12 1 2
M, = (f, Abnb)mcose (2-172)
1

where @ is the angle between the radial line through #ieforcing bar and the line
perpendicular to the moment axis, gids the diameter of reinforcing bar circle. As otigion

1 Figure (2-9) illustrates, the strafmand the stresk in any bar when the maximum strain in

concrete is equal to 0.003:
0.004d + 05h—c)

£ = (2-173)
C

= 87(d + 0.5h—C) f<f, (2-174)
C

where d is the distance of reinforcing bar frommi@ment axis.
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The strain and the stress in any bar when the maristrain in reinforcing bar is equal to the

limiting value specified by the designer, and theeximum strain in concrete is less than 0.003:

&, (d+05h-c)

& (d, +05h-c)

_ 2900C,,,,(d +05h-c) ¢ o (2-176)
° (d, +05h-c) s

(2-175)

f

As shown in orientation 2 Figure (2-9). The maximigmsile strain in bars is given by:

. 0.00d, +05h-c) (2-177)
C

whered; is the distance from the farthest reinforcing bathee tension side to the moment axis.

and the angle is given by:

(2-178)

e COS{ | 0003, (d, + 0.5h)}

05h(e,,,, +0.003

max

wheref, is a factor defined in section 10.2.7.3 of ACI &3R8

Since the angle is unknown and it depends on the factored axad B, or eccentricity
e, a trial and error process is followed , till angergence is obtained between computed and
desired values.
The procedure developed by Davalth and Madugula bveaed on ACI specification, which
consider the concrete stress distribution to loéargular. This assumption is approximate for

the circular cross section. Dependently, the amalgshot very accurate.
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Tayem and Najmi (1996)

Tayem and Najmi (1996) developed a closed formtmwiufor circular short columns
based on transforming the components, steel andretn to elastic material to which the

classical bending theory is applicable. The anslysis based on the following assumptions:

1- Plane sections at right angles to the columa gethain plane
2- Reinforcing steel is elastic perfectly plastic

3- Stress-strain curve of concrete is modeled bytngir's block.
4- Tensile strength of concrete is ignored

5- Vertical bars have the same diameter and grade

6- Vertical bars are equally spaced on the perimeséde the lateral reinforcement.

0.003 0.85f'c

Figure 2-12 Geometric configuration of Tayem anghiNaAnalysis
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The transformed concrete area is determined by:

hf

(1-sing)z (2-179)

(1— tanz tan/zlj
(2-180)

(tany - tangj
2

m| .
z:—cosy{y—(aﬂsméhcos log

and the first moment of aréa.

h3,/ f
Q. = \/7 (1 sme)(ﬂ 4 S|n2y+ zsin Hj (2-181)
810 4 2 4
and the centroid of the transformed area is locatatistanceC; from the x-axis:
¢, = Q (2-182)
A

and the moment of inertia of the transformed sadtio

h
= \/7 (1- smH}{ 3 y+sm6’(ﬂ 4 Slrl‘rzy+zsm0ﬂ (2-183)

& 1621 4 2

The transformed steel ar@a

A 574oq/7c 2, (B

whereAs is the bar area, arfgl; is the secant modulus of concrete displaced by btge And

Eui) (2-184)

the first moment of the transformed steel area va#ipect to x-axiQs:

A h-2d
:(—jZ(Esi - Edci)Sin/‘l (2-185)

11480q/f, =

whered is the radial distance from perimeter of columihi® centroid of vertical reinforcement

bars, and the totally transformed area of the csestonA;:

A=A +A (2-186)

the centroid of the totally transformed acga

¢ =%+ (2-187)
A
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The moment of inertig; of the composite section about an axis paralléhéoneutral axis

through the centroid of the transformed section:

. =1, +Ac(c —2cc)+L‘Zn:(ESi -E,, )KD —(ijsin)ll —ct} (2-188)
57400/ f, = 2

The elastic section modul@ with respect to the concrete compression side:

- hZ—IZC t (2-189)
and the position of neutral axis must satisfy:
21, - Ae,(2c, —hsing)=0 (2-190)
wherees is the pertinent structure eccentricity:
e, =e—C, (2-191)

Similar to Davalth and Madugula ,the approximate o$ Whitney’s block, although

certified by ACI, is not very accurate since theglar cross section differs from the rectangular

one. Consequently the analysis considered not twelpg accurate since it was built on this

assumptions.

Confined Concrete

Fafitis and Shah 1985

. Fafitis and Shah 1985 developed a computer pnogpecalculate the moment-curvature

relationship. They found the moment for the givead by dividing the cross section into strips,

and assuming constant stress all over each stdjudimg core, cover and reinforcement.

However, no details were provided describing tleeative process for calculating the depth of

the neutral axis.
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Samra, Deeb and Madi 1996

Based on theoretical study using Mander model, cmncrete subjected to uniaxial
compressive loading and confined by transversd, sSeenra et al. derived theoretical analysis
for generating moment curvature characteristicg mhain factors account for:

1- Level of eccentricity of axial load on column e.

2- Longitudinal steel conteis

3- Value of curvature ductility factor requiredlde achieveda/ .

4

Material strengtlfic andfy.
Whereq,is ultimate curvature, ang,is yielding curvature.
The assumptions used in this analysis are:
1- Plane section remains plain after flexural defation.
2- Mander et al. model was used for spirally cagdimoncrete.
3- The tensile strength of concrete is ignored.
4- Steel is linearly elastic till yield then, stidiardening was considered.
The analysis is summarized in the following steps:
1- Calculating the spalling cover strain and maximatrain based on Mander model
2- For strain compatibility profile has extremeeditcompressive straig, and depth of
compression zone
Using similar triangle in strain diagram to findetistrain in each longitudinal bar,
then calculating the streggand force for each bar .
Dividing the compressed concrete into two partsifioed part and unconfined part,

dividing the section into small rectangular layeasd calculating the concrete force
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for each layer, then summing the forces up to Hheeconcrete forc€c and the

moment arni..

3- The forceP® and momenM equilibrium equations:

P= Cc +Z fs,i Asi (2_192)
i=1

M :CC(%—XCj+ifsiAsi(%—dij (2-193)

The curvaturey:

(2-194)

whereD is column diameter is the area of each bar addrepresents the location of

each bar.

4- For a given eccentricity and by incrementing éx¢éreme fiber compressive strain,
finding the neutral axis depth based on:
M =P*e
The sequenced loading is used in this analysisiétermining the depth of neutral axis.
In plasticity, radial loading gives the same resws non-linear elasticity, whereas sequenced

loading gives different results compared to nordimeasticity.

50



CHAPTER 3 - New Confinement M odel

As earlier stated, Mander Model was selected tthbdase of the new eccentricity-based

model, This chapter views mander model in det&iten, the new model is discussed.

3-1 Mander Modd

The Mander model (1988) was developed based oreffieetive lateral confinement
pressure and the confinement effective coefficiéné same concept found by Sheikh and
Uzumeri (1982). The advantage of this procedurtsiapplicability to any cross section since it
defines the lateral pressure based on the seceometry. Mander et al (1988) showed the
adaptability of their model for circular or rectahgr sections, under static or dynamic loading,
either monotonically or cyclically applied. In ord® develop a full stress-strain curve and to
assess ductility, an energy balance approach id tsepredict the maximum longitudinal
compressive strain in the concrete.

Mander derived the longitudinal compressive comcrstress-strain equation from

Popovics model that was originally developed focanfined concrete (1973):

f xr
f = —¢c° )
where:
£
X=—= 3-2
‘. (3-2)
_ E
r=—— (3-3)
EC - ESEC
E, =500Q, f, in MPA (3-4)
E —k (3-5)
Sec gcc
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and as suggested by Richart et al. (1928) thenst@responding to the peak compressive

strength:

€ = €Co|::]_+ {% _1J:| (3_6)

)]
7p]
G) .
= Confined Concrete
n f 5
® g First Hoop
2 Fracture
7p]
o
e [ |
o )
O Unconfined Concrete
gco 2:“'S.CO ESp gCC £CU
Compressive Strain

Figure 3-1 Stress-Strain Model proposed by Mantat. éor monotonic loading

As shown in Figure 3-1, Mander et al. (1988) mduis two curves; one for unconfined
concrete (lower curve) and the other for confinedarete (upper one). The upper one refers to
the behavior of confined concrete with concenwading (no eccentricity). It can be shown from
the Figure that it has ascending branch with vaystope starting from Edecreasing till it
reaches the peak confined strength at €.). Then the slope becomes negative in the
descending branch representing ductility till paigtwhere first hoop fracture occurs. The lower
curve expresses the unconfined concrete behatidrad the same ascending branch as the
confined concrete curve till it peaks at.(Ec;). Then, the falling branch comes next till 1 &2

A straight line is assumed after that till zer@s§ at spalling stragy,
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Mander et al. (1988) utilized an approach simitathiat of Sheik and Uzumeri (1982) to
determine effective lateral confinement pressutewds assumed that the area of confined

concrete is the area within the centerlines ofrpeter of spiral or hoop A as illustrated in

ds

( —
Effectively ’
Confined Core 4?° S’ 7
( e
7]
45° 5%
Effectively —
Confined Core Smallest Length
for Confined Core
ds
Figure (3-2)

Figure 3-2 Effectively confined core for circulasdp reinforcement

Figure (3-2) shows that effectively confined conereoreAcis smaller tham.., and to
satisfy that condition the effective lateral coefiment pressur should be a percentage of the
lateral pressure:f

fi =kf, (3-7)
and the confinement effectiveness coefficienisldefined as the ratio of effective confined area

to the area enclosed by centerlines of spiral opho
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e A. (3-8)
A=A — A (3-9)
A = AlL- o) (3-11)

whereA. is the area of the section core enclosed by spikak the area of longitudinal steel and

Pecis the ratio of longitudinal steel to the area lué tore. For hoop case the effective lateral

confinement core:

]

| _—
|_/—

Smallest Length Smallest Length
for Confined Core for Confined Core

Figure 3-3 Effective lateral confined core for haoqm spiral reinforcement

. 2
Vs S
=247 1-—= i
A=Y ( ZdJ (3-12)
s
oL 2d,
° 1-p, (3-13)

while for spiral case it can be shown from Figuge3j that
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, 2
T s T 2s  §?
=Tgzl1-2 | =TTg21- 25 _
A=Y [ 4dj 4 ( 4d, 16d52j (3-14)

and the last term can be neglected and the valkecah be found from the following equation:

1- zz
k = S -
° 1-p,. (3-15)

3
>
B

7

Y

@‘W
B

Figure 3-4 Confinement forces on concrete fromutaichoop reinforcement

Figure (3-4) illustrates force equilibrium on afhaalrn of a circular hoop. The uniform hoop
tension at yield generated in the transverse stemlld be balanced by the uniform lateral stress

on the concrete core:

2f. A
f=—2F :
| sd (3-17)

S
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but pscan be expressed as

o = At _4A,

s Esdsz sd, (3-18)
hence

1

fl = Eps fyh (3-19)
and from equation (3-7), can be found:

.1
f, =2 kot (3-20)

The maximum confined compressive strength can lseridbed as a function of the peak

unconfined strength and the uniform effective latepnfinement pressure:

f = f;{—1.254+ 2254 |1+ 7'9:”' —2:'} (3-21)

Mander et al. (1988) proposed an energy balantiegry to predict the ultimate confined strain,

which is determined at the first hoop fracture. yfpeesumed that the additional ductility for
confined concrete results from the additional stemergy stored in the hoops, Therefore

from equilibrium:

Uy, =Ug -Ug (3-22)
whereUy is the external work done in the concrete to tracthe hoop, and., is the work done

to cause failure to the unconfined concretg.can be represented by the area under the tension

stress strain curve for the transverse steel betwem and fracture straig.

U sh — IOSA:C _[ fsd£ (3-23)
0
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while Ug is equal to the area under the confined stressnsturve plus the area under the

longitudinal steel stress strain curve:

ESCIJ ESCIJ

Uy = I ch\:cdg-l- I 1:S'A\sd“"" (3-24)
0 0
similarly, it was proven experimentally thatJis equal to:
Espall
Uy, = A\:c J. de&' = A\:COO]'?\/TC in MPa (3-25)
0
and

U ssh = psA\:c J- fsdg zllopsAcc
0

(3-26)

Substituting equations (3-24), (3-25) and (3-269 iquation (3-22):

1100, = [ f,de + | f,de-0017/f, (3:27)
0 0

wherefg is a function of longitudinal strain.

3-2 Eccentricity based confined Model

In previous studies, various models were implenteteassess the ultimate confined
capacity of columns under concentric axial load. tBe other hand the effect of partial
confinement in case of eccentric load (combinedalaldad and bending moments) is not
investigated in any proposed model above. Thergfbiie pertinent to relate the strength and
ductility of reinforced concrete to the degree @fhfinement utilization in a new model.

The two curves of fully confined and unconfined c@te in Mander model are used in

the eccentricity-based model as upper and lowemdies. The upper curve refers to
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concentrically loaded confined concrete (zero etusty), while the lower one refers to pure
bending applied on concrete (infinite eccentricity) between the two boundaries, infinite
numbers of stress-strain curves can be generateedban the eccentricity. The higher the
eccentricity the smaller the confined concreteaegn compression. Accordingly, the ultimate
confined strength is gradually reduced from théyfabnfined valud. to the unconfined value
f'c as a function of eccentricity to diameter ratim.addition the Ultimate strain is reduced from
the ultimate strairg,, for confined concrete to the ultimate strain faconfined concrete 15,
The equation that defines the peak strength acuptdithe eccentricity is:
o=ttt )

1+ 8 7 e H
H e

wheree is the eccentricityH is the column diameter anE is the peak strength at eccentricity

e. and the corresponding stra&ﬂ is given by

£, = 80{1+ 5(';_ —1H (3-29)

and the maximum strain corresponding to the redueaeentricity will be a function of stress

corresponding to maximum strain for confined cotefg and unconfined concretg

1

— E_ ~ —?
sec r
E_ — E_ Secy _F +1 E — fCU - fCUO (3_30)
R ] g, —0.003
€CU

In order to verify the accuracy of the model atélw&reme cases, the eccentricity is first set to be

zero. The coefficient d, will be zero and equation (3-28) and (3-30) wailuce to be:

foe = fec (3-31)

Eq = Eq, (3-32)
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on the other hand, if the eccentricity is set torifiity the other coefficient will be zero, anlet

strength and ductility equations will be:

fCC = fCC (3-33)
£,,=0.003 (3-34)
)
4
% . Confined Concrete
0§ — First Hoop
1) / \\ Fracture
%)
o
S .
E fc >/
o)
@)
Unconfined Concrete
é‘CO . ECC P é‘CLI
e . . “cu
Compressive Strain
Figure 3-5 Eccentricity based confinement model
Any point on the generated curves can be calculaedy the following equation:
fxr
© r-1+x' (3-35)
where:
‘SC
X== (3-36)
gCC
r= E, (3-37)
EC - Esec
fo
Eeee == (3-38)
£
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CHAPTER 4 - Analysisof Columns

4-1 Unconfined Concrete Columns

Analysis of unconfined concrete is based on théefitayer procedure accounting for
concrete and reinforcing steel separately thengu#iire concept of superposition to get the
overall behavior of the section.

The following assumptions are made in the analysis:

1- There is perfect bond between the longituditegldars and the concrete.

2- Strains along the depth of the column are asdumbe distributed linearly.
3- Concrete stress in tension is neglected aftarkang.
4- The maximum stress for concentric axially loadednfined concrete and

corresponding strain is given by using Mander model

5- The steel stress-strain relation is elastic-pdsfgatastic as shown in fig (4-1)

Y ‘ without .
strain hardening

Stress

Strain

Figure 4-1 Stress-strain relationship of reinfogcateel
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e Concrete analysis

0.003

Figure 4-2 Unconfined Concrete section -concretdyais-

Figure (4-2) depicts the procedure utilized in taculation of concrete force and
moment, which can be summarized in the followirgpst
1- Breaking down the section into a finite numbdrtlin layers that have equal
thickness.
2- Getting the geometric properties of each layer:
Bi: Layer width.
t:  Layer thickness.
Yi: Vertical distance from the layer centerlimmethe extreme compression fiber.
Y _i: Vertical distance from the layer centerline tine section geometric

centroid.(mid-height)
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w
1

Using the pre assumed strain profile and therléycation found from the previous

step to get the stran(assuming that strain is constant through outaiser).

P

Calculating the stregsfrom the strain using Hognestad’s parabola.

C:f{gc —2[5°] ] (4-1)
SCO SCO

5- Getting the area of the layer A.

—

6- Finding the force p, and moment m of the layer.

p=f*A (4-2)
m=p*Y_i (4-3)

7- Summing up the forces and moments to have therete force$c and momenMc.
Pc=2p (4-4)
Mc=>"m (4-5)

The tensile stress is negligible beyoﬂﬁ\/fi' in psi.

* Reinforcing steel bars analysis

0.003
©
5 Yi
/o Y i
o
0
o
0
© o

Figure 4-3 Unconfined Concrete section -steel aisly
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As illustrated in Figure (4-3), similar proceduseapproached to determine the steel force
and moment

For each bar:

1- Getting the geometric properties:
Yi: Vertical distance from the bar centerlinetiie extreme compression fiber.
Y _I: Vertical distance from the bar centerline he section center.
0: The angle between the radius of the bar locadioeh the positive direction of X-
axis.

2- Using the pre assumed strain profile and thddzation found from the previous step
to get the straim

3- Calculating the stregsfrom the strain.

4- Getting the area of the bag

5- Finding the forc@s, and momenins.

p. = f ¥ A (4-2)
m,=p*Y_i (4-3)
6- Summing up the forces and moments to have #et fstrcesPs and momens.
Ps=>p_ (4-4)
Ms=%"m_ (4-5)

After getting the concrete and steel forces and emis) the section force and moment
are given using the following equations:

P=Pc+Ps (4-6)
M =Mc+Ms (4-7)
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These two values represent a point coordinate enntieraction diagramM,P) for unconfined
concrete. The full-unconfined concrete interactohiagram can be plotted by repeating this

method for different strain compatibility profiles.

0.003

///// //7 ffffffffff ’//////

/]

-0.002 0.003

0.003

|

Pure
Bending -0.003 ‘

Figure 4-4 Different strain profile cases usedengyating the Interaction Diagram

Figure (4-4) shows six different strain profil@aint 0.003 was selected as a value for the
extreme compression fiber as proven experiment&llizile for the other extreme fiber, the
values were 0.003 (Pure axial compression), 0.00@1Q zero, -0.001,-0.002,-0.003, -0.004 and

a point were the pure bending occurs.
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For each Strain Profile

Calculate the Concrete Force

Calculate the Steel Force

Calculate the Concrete Calculate the Steel
Calculate the Section Force

L

Calculate the Section Moment

One point on the I.D.
Points are collected to plot

Figure 4-5 Unconfined Concrete analysis for plgttine Interaction Diagram

As shown in Figure (4-5) the smoothness of the ewsan increase by running the
analysis for more strain profiles and imposing mamtgrmediate points in the Interaction
diagram. The inner curve represents the desigrecaifiter applying the factor of safety based on

AASHTO-code provisions.

Interaction diagram
i T T i T i i T i T i T T

2000

1500

Faorce Kip

1000

500

L L L L | L L L L | i L L L | L
0 1000 2000 3000 4000 5000
Moment Kipinch

i} L L L L | L L L L |

Figure 4-6 Uncontined and design Interaction diageegcording to AASH | O-code
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4-2 Confined Concrete Columns

Analysis of confined concrete is approached usingerical non-linear finite layer
procedure. As Figure (4-6) shows radial loadinghvabnstant eccentricity is conducted in the
non-linear moment of area concept to achieve dxiutn points along the loading line up to

failure.

Axial Force

Bending Moment

Figure 4-7 Radial loading with constant eccentyiap to failure

The following assumptions are made in the analysis:
1- There is perfect bond between the longitudstedl bars and the concrete.

2

Strains along the depth of the column are asdumbe distributed linearly.
3- Concrete stress in tension is neglected aftarkang.
4- The maximum stress for concentric axially loadednficed concrete and

corresponding strain are given by using Mander mode
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5- The steel stress-strain relation is elastic-pdsfgaastic. However strain hardening is
also allowed for longitudinal steel by assumingnai&r model as shown as shown in

Figure (4-8)

¥ ‘ without .
strain hardening

Stress

su

Strain
Figure 4-8 Stress-strain relationship of reinfogcateel

The procedure used to analyze the confined conseeti#on is described in the following
steps as shown in Figure (4-8):
1- Calculating the section initial properties:
Elastic axial rigidityEA:
EA=YEBt+> (E, -E,)A, (4-8)

Elastic flexural rigidity about the elastic texid El:
El =Y EB(H =Y, —Y,)" + (B, ~ E)A(H =Y, - Y,)* (4-9)

The depth of the inelastic centroid position fridra bottom fiber of the sectiof:

67



Y EBt(H-Y)+> (E,—~E)A(H-Y,)
- EA
The depth of the geometric section centroiditpos from the bottom fiber of the

YC

(4-10)

sectionYg:
Y = % (4-14)

2- Inputting eccentricit.

3- Defining loading ste@\GP, and computing the axial force at the geometrdrogd.

GP=GP+AGP (4-15)
4- Calculating momenEM about the geometric centroid.
:C;_“F’J' GM =e* GP (4-16)
5- Transferring moment to the inelastic centroidl aalculating the new transferred
momentTM:
™ =GM +GP(Y; -V.) (4-17)

. o
Ysi YD B
™ 6
ol v o X
H [ IF W
[ 1] Al
L1 ]
| \? 1]
GM Yc oy
YG O
T

Figure 4-9 Idealized section, strain distributioml @pplied forces
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Calculate Initial Section
Properties

EA,YC,ELYG

v
Input
M&P

Calculate ®,€0,E1,€2, >

&4

v

Calculate Ec, Oc

Calculate €s, Os

v

Calculate New Section
Properties

EA,EAM, EI,Fx,Mo

v

Calculate GMO, TOL

GP & GM achieved

No

Yc=Yc+EAM/EA
* No

Tol<1*103
|GP-Fx|<1*10-
GM-GMO|< 1*10-

€ 1>Maximum strain
€ 4>0.05

yes Finish

Figure 4-10 Confined concrete analysis flowchart
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6- Finding:

Curvature ¢

™
= 4-18
T (4-18)

Strain at the inelastic centroid,, the extreme compression fiber straip the other

extreme fiberg,, and at the extreme level of steel strain in tengign

E, = GpP (4-19)
EA

& =& +@H-Y) (4-20)

£ =6, (4-21)

&, =& —¢Y,—Covern (4-22)

7- Calculating straine, and corresponding strefsin each layer of concrete section by

using the eccentricity based model

A
8- Calculating strains and corresponding stress in each bar in the gieetion by
using the stress-strain relationship curves showkigure (4-8).

9- Calculating the new section properties EA, Elpnment of axial rigidity about

inelastic centroid EAM, internal axial forcg,Rnternal bending moment about the

inelastic centroid M

El = z Eci Blt(H _Yc _Yci)2 +Z(Esi - Eci)Asi(H _Yc _Ysi)2 (4'23)

EAM = z Eci Blt(H _Yc _Yci) +Z(Esi - Eci)Asi(H _Yc _Ysi) (4'24)

Fx = Z fci Blt + Z(fsi - fci)Asi (Q_S)

Mo = Z fci B|t(H _Yc _Yi ) + Z( fsi - fci)Asi(H _Yc _Ysi) (4'26)
10- Transferring back the internal moment aboutggemetric centroid:

GM, =M, -GP(Y; -Y.) (4-27)
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11- Checking the convergence of the inelastic oghtr
TOL=EAM/EA/Y, (4-28)
12- Comparing the internal force to applied forcgéernal moment to applied moment,

and the change of the new inelastic centroid tgtkgious location:

GP-F, <1*10°® (9)2
GM -GM, <1*10° (4-30)
Tol £1*107° (4-31)

13- If equations (4-27), (4-28) and (4-29) aressetil, equilibrium is attained.
Checking for the ultimate point by comparing theist in the extreme compression
fiber to the maximum strain as defined in equafi@30), or comparing the strain at
the level of steel at maximum tension to 0.05 asgm experimentally:

£, 2 maximum- strain (4-32)

g, 2 005 (4-33)
If equations (4-30) and (4-31) are satisfied, anpain the interaction diagram is

found for the eccentricity value used in step hebwise increas&P by AGP as in

step 3.
If equations (4-27), (4-28) and (4-29) are nots$estd:
Y, =Y, + EAM and go back to step 5
EA
N U U S | I | S— I I LR Ij
3000 T 1/1/00
B - _ 3259.¢
2500 - - ]
T led
o 200 | — .
2
% 1500 S
1000 - _I_f""f —
500 i ‘
N I | | 1 _| 1 |:

0

u]

000

2000

2000

4000

000

G000

Foo

. : i . ~ Moment Kipinch ) )
Figure 4-11 Confined interaction diagram basedh@cbnfined concrete analysis
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CHAPTER 5 - Results and Discussions

The generated results are compared with experiinéata. They are also compared with

well-established software. They are further comgpareith Mander's concentric model.

Discussions are also reported on comparisons betveegreme confinement cases. The

confinement analysis are is benchmarked againstieme case of zero yield strength of spiral

hoops. Finally, different behavior parameters aneegated and studied.

5-1 Comparison with experimental results

This section compares the results obtained fromgusthe present analysis and some

experimental data gathered from five papers. Twelges are examined and discussed. The

interaction diagram is generated in four diffenenatys for the sake of comparison:

1-

4-

Cover removal when the strain exceeds the unoehpeak strain 0.003, without
accounting for strain hardening (Reduced area gurve

No cover removal with no strain hardening coesad. (Full area curve)

Cover removal when the strain exceeds the unoeshpeak strain 0.003, with strain
hardening considered

No cover removal with strain hardening

Strain hardening is modeled by assuming the handemibdulus to be 5% of the elastic

modulus. Figure (5-1) illustrates the Geometriarfdor the cross section and the input data

required for each case
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Column diameter

Clear Cover-| -

Concrete with maximum stressF’c

Spiral Diameter
yleld strength(Fyh)

Number of boars

Steel Diameter
leld s‘trength(f-‘ny

I
=

!lzz;zzzzz T
:::::;—:j Spiral Spacing
|
L

1|

|

|

Figure 5-1 Cross section and sectional elevationdimforced concrete column
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Case 1:

This is the first octagonal column with spiral feirtcement tested by Fafitis and Shah

1985. The column has the following

properties: 2365
Column Diameter (H) : 23.65 in -
Clear Cover :0.8 in

Longitudinal Reinforcement: 16#8

fe :4.118 ksi

fy : 43.5i ks

fyn : 43.5i ks

Transverse Reinforcement

Spiral Diameter :0.394 in —
Spiral Spacing :2.95 in

Figure 5-2: Cross section for the column used seda

B
|

—— Confined Concrete

—— Unconfined Concrete

Stress{Ksi)
=] (5]
[

1] 0.005 0.01 0.015 0.0z 0.025 0.03 0.035

Strain

Figure 5-3 Stress strain curves for case 1 column
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Force(Kip.)

ForcefKip.)

3000

— Full Area
x\\\ —— Reduced Area
28010 Unconﬁned Conc.rete |
\\ = Experimental Paint

2000
1500
1000
500
o

o 1000 2000 3000 4000 5000 6000 7000 8000

Moment{Kip.inch)

000

Figure 5-4: Interaction diagrams for case 1 coluith@ut strain hardening)

3000 | |
——Full Area
\\.\_ —— Reduced Area
2500 Unconfined Caoncrete ||
\ \\ = Experimental Point
2000
1500
1000
500
/'
1]
0 1000 2000 3000 4000 5000 6000 7000 8000

Moment{Kip.inch)

Figure 5-5: Interaction diagrams for case 1 colum(5% strain hardening)
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Figure (5-3) shows that all three curves are caasime compared to the experimental
tension-controlled data point. The full area cuivgust accurate even though it is slightly less
conservative than the more realistic reduced aueeec Figure (5-4) shows the reduced area
curve to be in excellent correlation with the exmpental point, while the full area curve
becomes non conservative although it is closehab éxperimental point once strain hardening

of the steel is accounted for.
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Case 2:

This is the second octagonal column with spiraifeecement tested by Fafitis and. Shah
(1985). This case has the same parameters as a@seefit smaller spiral spacing and

slightly lower concrete strength. The column h

2369
the following parameters:

Column Diameter (H) : 23.65 in —
Clear Cover :0.8 in

Longitudinal Reinforcement: 16#8

fe : 3.857 ksi

fy : 43.5i ks

fyn : 43.5i ks

Transverse Reinforcement

Spiral Diameter :0.394 in

Spiral Spacing :1.97 in -

Figure 5-6 : Cross section for the column usedase’2

G
| |

— Confined Concrete

| —— Uncaonfined Concrete

Stress {Ksi)
—
/

1] 0.005 0.m 0.015 0.0z 0.025 0.03 0.035 0.04 0.045

Strain

Figure 5-7 Stress strain curves for case 2 column
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Force(Kip.)

Force{Kip.)

3000

[ [
—— Full Area
\ —— Reduced Area
Unconfined Concrete
2500 \_\ m Experimental Point —
2000 49—
1600
1000 =
s00
i}
0 1000 2000 3000 4000 a000 Bo00 7000 8000

Moment{Kip.inch)

9000

Figure 5-8 : Interaction diagrams for case 2 colmithout strain hardening)

3500 | |
—Full Area
—— Reduced Area
2000 Unconﬁned Cnnc.rete
\\ m Experimental Paint
1500
1000 w
a00
%
,=;=,—_'T—"-'i;7_{'_
0
il 1000 2000 3000 4000 S000 G000 7000 B000 000

Moment{Kip.inch)

10000

Figure 5-9 : Interaction diagrams for case 2 colmith 5% strain hardening)
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Similar to case 1, all the three curves in Figire) are conservative compared to the
experimental point. The full area curve has an ktecorrelation to the experimental result at
the balanced point although it is appreciably Essservative than the reduced area curve. When
the 5% strain hardening is considered the coverovel( reduced area curve) correlates
extremely well to the experimental point, as shawrrigure (5-8). It is also evident that the
confinement improvement over the unconfined cusvaadticeably more in case 2 (Figure 5-9)

than case 1 (Figure 5-5) due to the smaller sppating.
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Case 3:

This is the third octagonal column with spiral fercement tested by Fafitis and Shah
(1985). This case has the very same parameterasasicexcept slightly smaller spiral

spacing and significantly higher spiral yield stggn The column has the following

properties:

Column Diameter (H) : 23.65in £Ies
Clear Cover :0.8 in —
Longitudinal Reinforcement: 16#8

fe : 3.857 ksi

fy : 43.5i ks

fyn : 61.3i ks

Transverse Reinforcement

Spiral Diameter :0.394 in

Spiral Spacing :2.76 in -

Figure 5-10 Cross section for the column used iseCa

7
|

— Confined Concrete

—— Unconfined Concrete

e
i —

Stress [Ksi)
(o] e
h‘:n%

/——"

1] 0.005 0.01 0015 0.0z 0.025 0.03

Strain

Figure 5-11 Stress strain curves for case 3 column
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Force{Kip.

Force{Kip.)

3500

| |
——Full Area
\_\_— —— Reduced Area
3000 Unconfined Concrete  |—
\\\\\\ m  Experimental Point
2000
1500
1000
n
A00
D /_//

0 1000 2000 3000 4000 4000 6000 7000
Moment{Kip.Inch)

g000 2000

10000

Figure 5-12: Interaction diagram for case 3 columithut strain hardening)
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——Full Area
—— Reduced Area
3000 Unconfined Concrete | |
= Experimental Point
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1500
1000
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0 2000 4000 B000 8000
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10000
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Figure 5-13: Interaction diagram for case 3 colymith 5% strain hardening)
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In this case, the full area curve is very clos¢h experimental tension-controlled data
point while the full area curve is considerablythigr away from the reduced area curve Figure
(5-13). However, the reduced area curve becomesatecenough and conservative compared to

the experimental point and the gap between thectwéined curves reduces.
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Case 4:

This is the fourth octagonal column with spirainfercement tested by Fafitis and Shah
(1985). This case is similar to case 1 except felightly higher concrete strength and
slightly lower yield strength of spiral. The diaraebf the spiral is around 3 times higher
and the spiral spacing is lower. So the confinenedfietct is expected to be much higher

than case 1. The column has the followil 23,65
properties:
Column Diameter (H) :23.651in

Clear Cover 0.8 in

Longitudinal Reinforcement: 16#8

N
W

Figure 5-14 : Cross section for the column use@ase 3

dh

fe :4.71 ksi
fy : 43.5i ks
fyn : 40.6i ks
Transverse Reinforcement

Spiral Diameter :0.63 in
Spiral Spacing :2.17 in

w0

— Caonfined Concrete

8 —— Unconfined Concrete [

S A B

—

|

Stress (Ksi)

u] 0.0 0.0z 0.03 0.04 0.05 0.06 0.07

Strain

Figure 5-15 Stress strain curves for case 4 column
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Figure 5-16: Interaction diagram for case 4 colymithout strain hardening)
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Figure 5-17: Interaction diagram for case 4 (wit Strain hardening)
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The effect of confinement is clearly reflected igu¥e (5-16) and Figure (5-17). The gap
between the unconfined and confined curves is dhgebt among the four cases analyzed.The
full area and reduced area curves compare welleé@xperimental point as shown in Figure (5-
16), on the other hand, by using 5% strain hardgnbath curves become nonconservative
compared with the experimental point. The fyh imsthase is the lowest 40.6 ksi so the

hardening modulus is expected to be far less thafthe elastic modulus (mild steel).

85



Case 5:

This is one of the concentric columns tested [B. Mander, M. J. Priestley, and R. Park.
The full scale column has a relatively large spaahspiral. Accordingly, the
confinement has a limited effect on the interactiaagram; Figure (5-20). The column

has the following properties:

Column Diameter (H) : 19.68 in ope
Clear Cover :0.98 in

Longitudinal Reinforcement: 12#5

fe :4.06 i ks

fy 1 42.78i k

fyn : 46.&si

Transverse Reinforcement

Spiral Diameter :0.393 in

Spiral Spacing :4.68 in

Figure 5-18: Cross section for the column usedareCs

B
|

—— Confined Concrete
—— Unconfined Concrete

Stress{Ksi)
=] (o]
[

0 0.005 0.01 0015 0.0z 0.025 0.03 0.035

Strain

Figure 5-19 Stress strain curves for case 5 column
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Figure 5-20: Interaction diagrams for case 5 colwithout strain hardening)
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Figure 5-21: Interaction diagram for case 5 columiti( 5% strain hardening)
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Case 5 represents a point in the pure axial corsioresThe reduced area curve shown in
Figure (5-20) and (5-121) compare well with the exkpental point with and without strain
hardening. This is attributed to the fact that otiwe cover spalls off at 0.003 train, the section
reaches its ultimate capacity with limited conttibo from strain hardening at such a low strain
(.003). The full area curve is also reasonablyelosthe experimental data point at concentric

compression.
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Case6:

This is another one of the concentric columns tebte J. B. Mander, M. J. Priestley, and
R. Park. The full scale column has smaller spipaiceng. Accordingly, the confinement
has a significant effect on the interaction diagr&igure (5-24). The column has the

following properties:

Column Diameter (H) :19.68 in 1268
Clear Cover :0.98 in

Longitudinal Reinforcement: 12#5

fe :4.06 i ks

fy : 42.%si

fyn : 49.&si

Transverse Reinforcement

Spiral Diameter :0.472 in

Spiral Spacing :2.04 in

Figure 5-22 : Cross section for the column use@ase 6

B
|

—— Confined Concrete
—— Unconfined Concrete

Stress{Ksi)
=] (o8]
[

1] 0.005 0.1 0015 0.0z 0.025 0.03 0.035
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Figure 5-23 Stress strain curves for case 6 column
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Figure 5-24: Interaction diagrams for case 6 colwithout strain hardening)
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Figure 5-25: Interaction diagrams for case 6 col{with 5% strain hardening)
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Similar to the previous case, case 6 show thattnees developed with cover removal
consideration correlate very well to the experiraépbint with and without considering strain
hardening, Figure (5-24) and Figure (5-25). Ondtteer hand, the full area curve significantly
overestimates the axial compression capacity itdigdhe importance of accounting for cover

spalling in compression-controlled columns.
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Case 7:
This small scale column was tested byResource: BaddCooke 2000. It has a small

spiral diameter and tight spacing of spiral. Thieeon has the following properties:

Column Diameter (H) . 7.87 in

Clear Cover :0.43 in /.8 /]
Longitudinal Reinforcement: 18#0.236 in

o . 5.07ksi / \
fy : 65.2Ksi

fyn : 36.2%si

Transverse Reinforcement & j
Spiral Diameter :0.157 n i

Spiral Spacing 1.1  in

Figure 5-26: Cross section for the column usedaseC7

— Confined Concrete
7 —— Unconfined Concrete

[T~

Stress{Ksi)
o
‘——:—___h—:__%
J—

0 0.005 0.01 0015 0.0z 0.025 0.03 0.035
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Figure 5-27 Stress strain curves for case 6 column
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Figure 5-28: Interaction diagrams for case 7 col{yithout strain hardening)
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Figure 5-29: Interaction diagram for case 7 colymith 5% strain hardening)
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It is evident from Figure (5-28) that Mander modeder estimates the confinement of
the small diameter spiral, Nevertheless, this seente an acceptable conservative result when
comparing the scatter of the two tension contrgfleshts. It is also evident that the pure bending
point is in excellent agreement with the confinemateraction diagam.The three experimental
points are within the bending zone. In case ofrstnardening included, the lower point compare
very well with the full area curve as shown in Fgy5-22). While the two curves are still

conservative in comparisson with the upper tensamtrolled two points.
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Case 8:

This full scale column was tested by Esmaily andaXj2004). The diameter of the spiral
is #2 which is realistic. The spiral spacing ishtignviting a significant amount of
confinement. The column has the following propertie

Column Diameter (H) ;16  in 16.00
Clear Cover :0.512 in

Longitudinal Reinforcement: 12#4 in

fe : 7.29Ksi

fy 171 Ksi

fyn : 68 Kksi

Transverse Reinforcement

Spiral Diameter :0.25 in

Spiral Spacing :1.26 in

Figure 5-30: Cross section for the column usedarseC3

12
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—— Confined Concrete

—— Unconfined Concrete

| —

—
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0 0.005 0. 0.015 0.0z 0.025 0.03

Strain
Figure 5-31 Stress strain curves for case 8 column
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Figure 5-32: Interaction diagrams for case 8 col{ythout strain hardening)
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Figure 5-33: Interaction diagram for case 8 columith(5% strain hardening)
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It can be seen from Figure (5-32) that the contrdmuof confinement is very limited near
the pure bending case where two experimental poongpare well with the ful area curve. The
fullarea curve compare very well with the third exmental point and is on the conservative
side.Accordingly, all of the experimental pointsretate well to the full area curve in Figure (5-
33), When the strain hardening is implementedhallthree points become closer to the full area

curve, and the two lower pure bending points magrly well the reduced area curve as well.
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Force{Kip.)

Case 9:

A series of full scale columns is tested by thevwdrsity of lllinois, Engineering
Experiment Station in 1930. The column has thefailhg parameters:

Column Specifications:

Column Diameter (H) 212 in 1e.00
Clear Cover 1 in
Longitudinal Reinforcement: 8#7
fe : 5.15Kksi
fy : 43.5Kksi
fyn : 32 ksi
Transverse Reinforcement
Spiral Diameter :0.283 in
Spiral Spacing 1.5 in
Figure 5-34 : Cross section for the column usedase 9
1000
ann — Confined-Full Area L
\ —— Confined-Reduced Area
—— Unconfined
800 m Experimental Paints —
700 \
g00 \
a0o
400
300 = \
200 \
100 //-://
0

o 200 400 &00 800 1000 1200 1400 1600
Moment{Kip.-inch)

Figure 5-35: Interaction diagrams for case 9 col{yithout strain hardening)
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The transverse reinforcement has a realistic spieaheter between #2 and #3 sizes with
tight spiral spacing. However the spiral yield sg#h is low with no strain hardening expected.

It is evident from Figure (5-5) that all the tensicontrolled experimental points scatter
around the unconfined interaction diagram sliglatlyhe un-conservative side except for three
point, one of which matches the reduced area camdgwo match the unconfined curve.

It is clear that the confinement played no rolehis set of experiments. This may be

attributed to the fact the test was old.
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Case 10:

Another series of full scale columns was testethyUniversity of lllinois, Engineering
Experiment Station in 1930. The column has thefailhg parameters:
Column Specifications:

Column Diameter (H) 112 in ——12.00

£
o

Figure 5-36 : Cross section for the column usedase 10

Clear Cover 1 in
Longitudinal Reinforcement: 8#7

fe : 3.37ksi

fy : 43.5Kksi

%

Transverse Reinforcement
Spiral Diameter :0.2625 in
Spiral Spacing 1.5 in

oo

—— Confined-Full Area
700 —— Confined-Reduced Area  ——

— Unconfined
\ m Experimental Points

Force{Kip.)

G500

I\
500
400
300

. >
]
200
N \
100 )/%
0
0 200 400 00 800 1000 1200 1400

Moment{Kip.-inch)

Figure 5-37: Interaction diagrams for case 10 colwithout strain hardening)

100



The transverse reinforcement has the same spagitigaaof case 9 and almost the same
spiral diameter (slightly smaller here). The cotergtrength is less here too. Nevertheless, the
results are much improved. Even though they congpaeey well to the unconfined curve, one

point is just outside the reduced area curve, Eig37).
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Case 11:

A third series of full scale columns was testedh®/University of lllinois, Engineering
Experiment Station in 1930. The column has thefailhg parameters:

Column Specifications:

Column Diameter (H) 112 in —12.00
Clear Cover 1 in
Longitudinal Reinforcement: 8#7
fe : 1.58Ksi
fy : 43.5Kksi
fyn : 32 ksi
Transverse Reinforcement
Spiral Diameter :0.177 in
Spiral Spacing 1.5 in
Figure 5-38 : Cross section for the column usedase 11
—— Confined-Full Area |
—— Confined-Reduced Area
— Unconfined
m Experimental Points ]
b T p
\ \
N N

0 100 200 300 400 200 600 oo g0oo 200
Moment{Kip.-inch)
Figure 5-39 Interaction diagrams for case 11 col@without strain hardening)
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The transverse reinforcement here has the samengpas in case 9 but the spiral
diameter is much smaller. The concrete strenglenig smaller as well. However, the results are
similar to these of case 9, Figure (5-39).

In case 9, 10 and 11, almost all of the experimgmiats lay around the unconfined
interaction diagram, although these points wereertakom confined cases. This may be
attributed to the fact that the test was perforioed time ago.

Figure (5-40) shows an experimental point to cateelwell to the reduced area
interaction diagram without steel strain hardeniBgain hardening is not realistic to implement

here because thg = 32 ksi indicates that the spiral is truly miteed.

500 | |
——Full Area

450 —— Reduced Area -
Unconfined Concrete

a0 w Experimental Points | |

350

300

260
200

180 \
100 )

a0

Force | Kip.)

1] 100 200 300 400 500 §00 700 800 800
Moment (Kip.Inch)

Figure 5-40 Interaction diagram for case 11 colywith strain hardening)
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5-2 Comparison with CSI-Section builder software

Three different cases for unconfined concrete colkirare compared to CSI-Section

builder software of computers and structures Irfte Pparameters of these three columns are as

follow:

5

Clear Cover: 1.5 in

Longitudinal Steel:  13#11

R f R
L/

Spiral Diameter: #5
fe 4 ksi
fy: 60 ksi | i

|

L]
[

|

Case 13:

c
Diameter (H): 25 in %
Clear Cover: 1 in K

Longitudinal Steel:  12#10

Spiral Diameter: #4
fe 4 ksi
fy 60 ks 1

Figure 5-42 Cross section for the column used iseC=

104



Case 14:
Diameter (H): 20 in
Clear Cover: 1 in

Longitudinal Steel:  10#8

Spiral Diameter: #4
fe 4 ksi
fy: 60  ksi

Figure 5-43 Cross section for the column used iseCal

B000

5000 =

case 12
— —CSlcase 12

4000

Case 13
— —CSlcase 13
Case 14
— —CSlcase 14

3000

Loead {Kip}

2000

)

DI

=

o

1} a000 10000

15000,
Moment {kip-in}

20000 25000

3000

Figure 5-44 Unconfined Interaction diagrams ushegpresent software and CSI Section Builder

Figure (5-44) shows the excellent match betweencthees plotted using CSI-Section

Builder and the present software (KCE). It can btced that the KCE curves are slightly more

conservative
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5-3 Comparison with Mander concentric compression model

To compare the predications of the present anagénst the well-known and widely
used Mander model, the complete interaction diagiargenerated using the Mander model,
which is known to be valid for pure axial compressbpnly, relative to the eccentricity based

model. The parameters of the column examined are as

follow: 3 es
Column Diameter (H) : 23.65 in
Clear Cover :0.8 in P
Longitudinal Reinforcement: 16#8
fe : 3.857ksi
fy :43.5 ksi
fyn : 43.5 ksi
Transverse Reinforcement
Spiral Diameter :0.394 in
Spiral Spacing :1.97 in - T

Figure 5-45 Cross section for the column used topare Mander model to Eccentricity based

model

It is evident from the comparison, shown in Fig(se45), that the present model is very
accurate and just conservative enough compareldet@xperimental point. On the other hand,
the Mander model is shown to be accurate as we¢lhbtconservative enough relative to the

experimental point
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Figure 5-46 Interaction diagrams by the presentehadd Mander Model

To show this comparison when the confinement isenpponounced, another example
column is analyzed by the two models. The colunmampaters are:

Column Diameter (H) :12 in
Clear Cover 1 in

Longitudinal Reinforcement: 8#7

fe : 4 Ksi
fy :60 Ksi
fyn : 60 Ksi
Transverse Reinforcement

Spiral Diameter #5
Spiral Spacing 1 in
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Figure 5-47Comparison between the present and Manddel

It is clear from Figure (5-41) that the presentlgsia is significantly more conservative
than that of Mander model that indicates that tleemtricity based model is necessary,

especially in confinement critical columns
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5-4 Comparison of extreme cases

Two extreme cases are compared to show the incieastumn capacity, by considering
the confinement effect; the parameters for the ¢tames are constant, except for those related to
transverse steel reinforcement. Steel #3 with sigaof 3 in (maximum allowed by AASHTO
code) is used in the first case, while the secask das steel #5 and spacing equal to 1 in

(minimum allowed by AASHTO code). The parametersduare:

Case 1:
Column Diameter (H) 212 in
Clear Cover 01 in

Longitudinal Reinforcement: 8#7

fe : 4 ksi
fy : 45 Kksi
fyn : 45 Kksi
Transverse Reinforcement

Spiral Diameter  #3
Spiral Spacing ] in
Case 2:

Column Diameter (H) ;12 in
Clear Cover 1 in

Longitudinal Reinforcement: 8#7

fe : 4 Ksi
fy 45 Kksi
fyn : 45 Ksi
Transverse Reinforcement

Spiral Diameter I #5
Spiral Spacing 1 in
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Figure 5-48 Interaction diagrams for case 1(witrsitdain hardening)
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Figure 5-49 Interaction diagrams for case 1 (wih $rain hardening)
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Figure 5-50 Interaction diagrams for case 2 (withsitain hardening)
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Figure 5-51 Interaction diagrams for case 2 (wih $rain hardening)
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Figure 5-52 Increased Strength of Confined Coluwaitis respect to Unconfined
Capacity for case 1 and 2.

Figure (5-52) illustrates the huge increase of icaaf column capacity, when the actual
behavior is analyzed. In case 1, the ratio of iase€e capacity, with strain hardening, reaches
around 190% more than that of unconfined concrigtecase 2, 230% increase in column
capacity is achieved relative to the unconfinececés case 1, the maximum gain in capacity
takes place at the point of pure axial compressiorcase 2, the maximum gain in capacity
happens near the location of balanced point. Alean be seen that the two curves, with strain
hardening and without strain hardening for eacle casverge at the same point for the pure

bending case as the effect of the lateral confimemanishes.
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5-5 Benchmarking of confined analysiswith zero fy,

This comparison was pursued to compare the baselsudts of the confinement analysis
algorithm by assuming the yield strength in theeralt confinement to be zero, and the

unconfinement computations.

ann
| |

Uncaonfined

goo — —zero Yield strength for spirals [

700

500

(5]
=
[}

Force{Kip.)

=N
=
=)

300 \
)

200

100 /

1] 200 400 500 800 1000 1200 1400
Moment{Kip.-inch]

Figure 5-53 Interaction diagrams for unconfined aodfined analysis (with assumifig = 0)

It is obvious in Figure (5-47) the excellent coatedn between the two curves. This

comparison evidently suggests the accuracy ofdhéred analysis algorithm.
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5-6 Studying column different parameter s relationships

Sectional Plan

This set of results is generated using the follgwin

parameters:
Column Diameter (H) :36 in
Clear Cover ;2 in

Longitudinal Reinforcement: 8#14

Sactional Elevation

fe :5  ksi -
=

fy :60 Ksi —
. B

fyn : 60 ksi s
=

Transverse Reinforcement —
]

Spiral Diameter L #5 E
Spiral Spacing ;2 in E

Figure 5-54 Cross section for the column used tegee different parafneters relationships
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Figure 5-55 Change of area of compression zonemitinent
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Figure 5-56 Change of compression zone depth waimemt

It can be shown from Figure (5-55) and (5-56) ttte depth of compression zone
correlates well on most of the loading history. fTisaevident of the accuracy of the eccentricity

based model. Accordingly the depth of compressmrezcan be related directly to eccentricity.

It can be seen also that the curves deviate nedatlre loading.
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Figure 5-57 Moment- curvature relationships

It is evident from Figure (5-57) that the momentvature relationship is similar for the
entire range of eccentricities. The overall reliop may be approximated by a trilinear
response. The first linear portion is the sameafbeccentricities indicating the same initial and
subsequent El. It can also be seen that the u#imatvature increases steadily from near axial

compression to near pure bending cases.
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Figure 5-58 Axial force — strain at inelastic ceidrrelationship

It is evident from Figure (5-58) that &-+relation ship is also closely trilinear for all
eccentricities. However, the ultimate strain isafest at near axial compression case and
decreases gradually up to the case near pure lgentims is obviously the opposite of the
observation of moment-curvature relationships. Tsiattributed to the fact that the curvature
ande, are inversely proportional at ultimate failure grthey are related through the linear strain

distribution.
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Figure 5-59 Change of inelastic centroid depth \wmttment

It can be shown from Figure (5-62) that for compi@s controlled cases(small
eccentricities) the depth of inelastic centroid rdases with increasing the load. While for

tension controlled cases (big eccentricities) thptld of inelastic centroid increases with load

increasing.
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CHAPTER 6 - Software Development

6-1 Introduction
The software prepared using the object orientedgraraming “OOP”, within the

framework of the visual C++ language, that is @uldeol to organize the program in different
classes, and generate objects from these classissprocedure is adaptable to simulate the real
process, as well as it is flexible enough for migdiion and addition to the program

As shown in Figure (6-1), the main two classesnaagerial, which has concrete and steel
inherited from it, and shape that define the cimmstion. The reinforced circular cross section

class was generated by combining the three classesrete, steel and circle. Then, any analysis

Iulatetial mhape
[
¥ ¥ ¢
Cotictete ateel Circle
[ [ I
¥

Eeanforced Concrete Cirocidar Section

v v

Ilander Ivlodel L Dumencal Analyais

can be applied on this class.

Figure 6-1 Classes Used in program structure

6-2 Interface Design
The interface was generated using the graphicat ugerface “GUI” which is a
convenient communication tool between the userthagrogram. The interface is divided into
five sections as shown in Figure (6-2):
1- Data Input
Figure (6-3) shows the four sub-sections; Geomgtroperties, concrete properties,

longitudinal steel properties and transverse steglerties.
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2-

Graphics Input representation

This section automatically generates sectional piaw and elevation view of the
cross section, which is input in the Data Inputisec It gives the user an indication
of how the cross section looks like, and the pridpgiof different component in order
to avoid unrealistic errors in inputs.

Plotting area (output)

The plotting area section shows the required resultve/s.

Selection tools (input)

This section has different buttons which controthwplotting interaction diagram
curve/s as depicted in Figure (6-5):

Plotting the three curves; confined concrete, ufined concrete and design curves
Plotting any one of the previous curves separately.

Plotting a series of design curves for the fullgaof reinforcement ratio..

It has also buttons for optionally save or loadesadefined in the “Data Input”
section and print the “plotting area” section view

Projection points input

This section enables the user to input any numtfepeints up to a minimum of 25,

which show up immediately on the plotting area gleide with the existing curve/s.
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g
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Figure 6-2 Interface main sections
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Figure 6-3 Different Sub-Sections under the “Daiaut” Section
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6-3 Analysisfeatures

As shown in figure (6-5), the program is capablamdilyzing the circular cross section in
a variety of ways. The actual capacity of the crmmsion is analyzed taking into account spiral
confined effect, and generates interaction diagrfamthe confined concrete and the unconfined

concrete.

6-4 Design features
The software has the ability to plot design inteémacdiagrams according to AASHTO-

code, which disregard the confinement effect. Asirie (6-6) illustrates, six design curves are
generated with different ratio of steel to the gresction. This feature is a useful design todl tha
enables the user to select the proper ratio of. stee
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Figure 6-6 Design curves generated in the “plotirgn” section

123



The software also has the option of plotting u@%gpoints on top of the design curves,
as a convenient tool for design as shown in figGré).

The program is expandable to include any crossosecs well as any model or analysis
to be applied to any cross section. It is also tadd@ for considering any type of external

confining like steel tubes and FRP wrapping.
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CHAPTER 7 - Conclusions and Recommendations

7-1 Conclusions

This thesis accomplished several objectives atatiysis, material modeling, design

implications and software development levels. lyrha concluded that:

1- The new eccentricity-based model predicted ¢selts accurately compared to
the concentric type models for the entire rangecoentric loading.

2- The unconfined concrete assumptions at puredibgnare accurate as
evidenced by comparisons to experimental results.

3- The fully confined concrete assumptions at @xial compression are accurate
when the clear cover is removed as evidenced bgeclocomparison to
experimental results.

4- The unconfined concrete analysis is benchmasustessfully against well-
established software for a range of design parasete

5- The confined concrete analysis procedure is ¢etely different from the
solution strategy of unconfined concrete analy§s.benchmark an extreme
case of confined analysif, is set to zero to match the results of unconfined
analysis.

6- The partial confinement utilization is examinagainst e/H ratio at various
loading levels to generate insights on the effeciess of the eccentricity-
based model.

7- Extreme confinement design parameters are seéledo study the
improvements of confined to unconfined behavior emddifferent

eccentricities.
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11-

The Mander model is shown ineffective when theoph (or spiral)
reinforcement diameter is very small. This was emak by having the
experimental data points scatter around the uncedfinteraction diagram.
The software is developed effective for prelianypndesign when the options of
interaction diagrams of various reinforcement atave plotted against the
demand.

The software developed is effective for assessnof ultimate capacity for
extreme load cases as compared to unconfined se3iile graphs are readily
available against the actual demand as well.

The strain hardening feature is added to plstultimate analysis to simulate
the actual case especially when higher strengil geused for longitudinal

reinforcement

7-2 Recommendations

This work should be extended to address the foligvareas:

1-

2-

Model FRP wrapping on confinement effects focuiar columns.

Model cover spalling and corrosion of longituglirand transverse steel for
circular columns

Model the unconfined, confined and design irdgoa curves for rectangular
columns under axial load and biaxial bending.

Model FRP wrapping on confinement effects fataagular columns.

Model cover spalling and corrosion of longituglirand transverse steel for

rectangular columns.
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