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'Chapter 1

Introduction

1.1° Summary

This report outlines the development of a simple analysis program COLRET for
the estimation of the ﬂéxurdl strgength and ductility of prismafic circular bridge
columns ﬁnder seismic loading. Bridge columns are treated as vertical cantilevers
subjected to axial compression and lateral inertial force. Passive coﬁﬁnement of
the columns by internal hdops or spirals are taken into account by a well cali-
rbra,ted stress-strain model for confined concrete. Post-yield flexural deformation
of the column is predicted on the basis of an elasto-plastic idealization with plas-
ticity concentrated in a localized hinge region. Strain penetration of longitudinal
bars into the footing is accounted for using an increased column height. The
ductility capacity of the column is assessed in terms of é displacement ductility
factor. Failure modes such as that precipitated by shear or bohd—slip in the laps
of the longjtuainal'bars are not considered in the model. The footing is assumed
to provide full fixity against translations and rotations.

The ‘computer program also includes a retrofit option which assumes
partial encasement in the lower critical region of the column by a steel jacket.
Composite action between the column and jacket is effected by grout infill. The
steel jacket 1s'assumed to contribute to the ductility of the column by providing
confinement to the concrete, but without significant enhancement to.the flexural

capacity. The jacket also acts as transverse reinforcement in resisting the column



shear force in the encased region.
| ‘The ob jectives of thé computer progfam dévéloped in this report are:
" 1. to provide bridge engineers a simple.and reliable meaﬂ fop assessing the per-
formance of existing bridge piers so that deficient piers car be:ide.‘ntijf\ied from th‘e‘
large domain of existing bridges for retrofit, and |
9. to allow an assessment of the improved column perfofﬁlafli:e after retrofit.
o The feliabilify of the pi"ogram is verified by comparing predictions with
results from large—scéle column tést»s carried ouﬁ at the Univérsity of C‘a.l‘ifornia,

San Diego and elsewhere.[1,2]. A user guide with examples is included to illustrate

the use of the program.
1.2 Background

Coila,psé or severé damage to a large number of Illi‘ghWay bridges' in the r:egioﬁ of
fault rupture during the 1971 San Fe:nanc.lol earthquake [3,4] prompted ICal'tra.ns‘
to ‘ini‘tiate an. extensive retrofit program to upgrade the seismic resistance of
highway b.ridges_in‘ Ca.lifornia [5]. The greatest risk of bridge ccollapse was felt
to be associated With the la;“gé relative displécefnents‘ which decurred between
bridge plers under thé earth‘qua,ke‘induced _motién. The fela?tive displacements
~in some cases were of sufficient magnitude to dislo;lge the ‘s{lperstructure from
its seating positions and caused.the' entire span to fall off thg supporting‘piers.
Phase I of the retrofit pro‘gram-by Caltrans involved seé;lfing adjacent spans of
the bridg¢ 'supers‘tructiure‘ using fe'strainer de';fices across "che:'r‘movemlent Joints.
Detaile.d descriptions .on the methods of retroﬁttinf;r, and expef-imenta.l tesﬁngs of .~
these restrainilern dévices hatvé been reported [6,7] This'phasé ‘of superstructure

retrofit was completed in 1988 [8].



Major deﬁciencies are also assoclated with the substructures of the older
bridges, as evident by the bridge failures in the recent 1987 Whittier Narrows
earthquake [9,10] and 1989 Loma Prieta earthquake [11], as well as those of the
1971 San Fernando earthquake [3,4]. Substructural deficiencies include inade-
quate flexural strength, as well as ductility in tall columns, inadequate shear
strength in squatl columns, and inadequaté footing or joint strengths. These
deficiencies have been discussed in a companion researc}'l report [1].

A cost-effective method for enhancing the flexural strength and ductil
ity of deficient circular bridge columns can be achieved b_';r enc’asing the critical
regions of the column with a steel tube or jaéket, as shown in Figure 1.1. Two
half shells are welded together along a longitudinal seam to form a tubular sleeve
over the bottom region of the column. Tﬂe jacket is slightly oversized to allow
a cement-based grout to be pressﬁre-in_jected and provide composite action be-
‘tween the cc;lumn and steel tube. It is assumed that a small vertical gap exists
bétween the toe of the steel jacket and the footing. This is to ensure that the
steel jacket does not bear agaiﬁst the footing when in compression and contribute
further to the flexural capacity of the column. The basis for this approach was

the excellent ductile response of steel-encased concrete piles tested by Park et al

[12,13,14], as demonstrated in Figure 1.2.
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Chapter 2

Constitutive Properties

2.1 Concrete

Two different regimes must be considefed for the concrete portion of the column
section, 1.e. the core and cover por.tion of the section. The core portion is defined
to be the cifcle cont‘a,ined by the centerline of the spiral ‘OI‘V hoop. Tﬁe behavior
of this concrete core is affected by the presence of transverse reinforcement, since
a passive confinement of the core is provided by the transverse reinforcement as
rconcrete dilates laterally uﬁder,compression. The cover concrete, on the other
hand, responds under unconfined conditions and must be described by a different
stress-strain curve. Limited ductility is associated with the cover concrete since
crushing occurs at an early strain of about 0.005, and subsequent loading leads to
development of loné;ifudinal crrajcksl and eventual separation o_f the cover concrete
from the concrete core. The cover concrete therefore cannot _be relied upon to
resist stresses at high strains. Confinement Eowever will be provided to the cover
concrete if the column is encased with a steel jacket. In such cases, the column
core will‘ be subjected to two levels of passive confinement; one from the transverse
steel and the other from the external steel jacket. It is further assumed that the

tensile strength of both confined and unconfined conecrete can be ignored for the

calculation of the yield and ultimate displacements.



2.1.1 Confined Concrete

Transverse reinforcement at close spacing has been shovyn ‘to‘ enhance vsigniﬁ-
cently the lperformance of a concrete member under compression in tlie inelastic
load range [15,16]. A substantial increase in concrete compressive strength was
observed even for columns with relatlvely small volumetric confinement ratio of
ps = 0. 6% (ps defined later in Eqn. 2. 15) Post-peak deformation capacity were
greatly enhanced with a much ‘more gradual fallmg branch -in its stress-straln
‘curve, when compared l:o the unconﬁned concrete. The transrferse relnforcement
provide la,tera.l conﬁnmg pressure to the core concrete which deley the propaga-
tion of m1crocracks as stress level approaches that of the unconﬁned compressive
strength. The presence of lateral confining pressure allows the development of
"much‘higherraxial_stralns until ﬁrst‘fracture of the trans;aerse reinforcement, after
-which the colnmn.experiences a sudden drop in thecompressio*n capacity due to a
reduction of conﬁnement for Ithe core concrete and_avlo‘ss of res"craint‘ against com-
pression b'uckli-n:g of longitudinal ba,rs. Average axial strains as high as 0.06 have
been observed in COlnmns containing 2% volumetric ‘conﬁnemlen:c ratio {17]. The
enhancement of c'o'mpressiVe 'strength and ultimate strain in donﬁned concre.te is
1llustrated in Figure 2.1.
| A model recently proposed by Mander et al [18] has been shown to pro- .
vide excellent prediction of the compresswe response of large scale columns con-
fined by a wide range of transverse re1nforcement conﬁnement ratios. The at-
‘ tractweness of the model l1es in its use of a single equatlon for the entlre range
of concrete compressive strain, and is appl1cable to columns confined by circular

or rectangular shaped transverse reinforcement. According to the model, the
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Figure 2.1: Confining Effect on Compressive Response of Concrete

longitudinal compressive stress of confined concrete is given by:

!
e LT

— 2.1
r—=1+4+2z" (2.1)

fe=

where f!. = compressive strength of confined concrete (defined later in Eqn. 2.6);
z = longitudinal compressive strain, €., divided by concrete cdmpressive strain

at f! ie. € _. The supgested expression for €., increases linearly with f!_ and is
ce folol cc ) (o]

1

given by:
. ? '
€ =€, {1 +5(ZF - 1)} (22) .

<0

-

. where f/ and €, = the unconfined concrete compressive strength and correspond-
ing strain, respectively. A value of 0.002 is adopted for €., and the parameter r
is given by:

P — - (2.3)



where
E. = 60200/, R (2.4)

is the tangent modulus of elasticity for unconfined concrete (f, in psi units), and

PR

E:— . (2.5)

is the secant modulus for conﬁned concrete, defined W1th respect to (fl.,€..).

For the confined concrete compresswe strength f . Mander [19] used

the ﬁve-parameter faﬂure criterion proposed by Wlllam and Warnke [20] and the
triaxial tests data of SCthkBI‘t and kal_er [21]. In the case of circular columns

conﬁned by circular spiral or hdops, the confined -concrete compressive strength

! has been shown to be [19]:

fro = FL2. 254,/1 + 794f’ Zf‘ —1.254) (2.6) .

where f| = effective confining pressure, and may be obtained from the equilibrium
of internal forces acting the di_ssected's.ections shown in Figure 2.2.
For the cover concrete and grout in retrofitted columns, the equilibrium

of forces assuming uniform yield of the jacket requireé: .

‘2f 4 ‘ . \ ‘ .
Cf = ——Yra . 4 2.7
where f;;, = lateral pressure acting on the cover concreté' D“-‘ and ¢; = outside

diameter and thickness of the jacket, respectwely, and fyj = yleld strength of the
~ steel jacket. By defining a conﬁmng ratio for the steel Jacket as: - .

4,

Psj = -Dj —_Qtj' (28)

Eqn. 2.7 may be written as

fl; psjfyj ‘ o | h : (29)
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Figure 2.2: Confining Action of Steel Jacket and Internal Hoops
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By substituting f/ = f/; into Eqn. 2.6, the compressive streﬁg@h of cover concrete
" enhanced by steel jacket can be déterrﬁined.
For the concrete core, anddditiona.l confinement is pro;vided by the trans-

‘verse steel. The additional lateral pressure, fli, mé.y, also be determined from the

‘ .equilibriu_r_ri of forces, assuming uniform yield of the transverse steel i.e.

fyhAsh

e (2.10)

fm = 2k,

where d, = diameter of cbn.crete‘ F:brlé defined along the cente;r line of transverse
steel; s = vértical spacing of the transverse steel; lfyh = j/iéld sfrength( of the
tréns?erse reinforcement; As,x; = créss—s.ectional‘area of.the trall.nsverse,sfeel. The
parameter k. 1s termed as the confinerent éffectiveness éoefﬁcient and is defined -

as.

(211)

Ny

cc

where A, = area of an effectively confined concrete core (see Figure 2.3); A.. =
A1 = p..) where pcc = ratio of area of longitudinal reinforcement to core area

of the section 4., i.e.

=

A
Pec =

= —3 (2.12)

where A, = total longifﬁdina,l steel area. By assuming an arching action between
circular hoops in the form of a second-degree parabola with'an initial tangent
- slope of 457 the confinement effectiveness coefficient. k. in Egn. 2.11 has been

shown to be [19]:’ ‘ : '
(1=0.5%)
(1= pe)

where s’ = clear distance between spiral or hoop. Similarly, the confinement

k. = (2.13)
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2.1 ]—Total Longl'tudinal
Steel Area = A

Effective Core ' -
—_l Confinement Effecliveness
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Arching Aclion Belween lloops

Figure 2.3: Definition of Confinement Effectiveness Coefficient

effectiveness coefficient for a circular spiral has been shown to be:

- (1-0.5%)
(1= pec)

By introducing p, as the ratio of the volume of transverse confining steel

(2.14)

to the volume of confined care i.e.

Ashﬂ'ds . 4Ash

-~ = (2.15)
Edszs dsS

pa =

the lateral confining pressure due to transverse steel in Eqn. 2.10 may be written

as:
; 1
flh = 'é'kepsfyh. ‘ (216)

Thus the substitution of f{ = f; + fin into Eqn. 2.6 will allow the enhanced

compressive strength of the concrete core to be determined.
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Figure 2.4: Stress-Strain Curve for Reinforcing Steel
2.1.2 Unconfined Concrete

For the ’as-built’ columns, the unconfined _conditicin in the cover concrete may
be simulated by putting the lateral confining pressure to zero i.e. f{ = 0. The
following simplifications can be made to the equations for confined concrete given

in Section 2.1.1:

fo = f t (217)

elcc’ = e::o' ) (218)
‘ ’ ‘ :
Esec = eTc: . . (219)
r = = S .' (2.20)
Wi i .

Even though the falling branch of Eqﬁ. 2.1 répresents ‘v(rell the rapid drop

of concrete stress with strain in the post-peak range of the uﬁconﬁned concrete,
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the concrete stress does not decrease to zero for large concrete strains. It is
therefore ‘assumed that the stress-strain curve for unconfined concrete follows
Egn. 2.1 during the earlier stages of loading up to 2¢,,. For compressive strains
larger than 2¢,, the stresses are assumed to decrease linearly with strains up
to the spéﬂing strain ez,. A value of 0.005 has been adopted for ¢,,. Thus the

longitudinal compressive stress for unconfined concrete may be written as:

7
For ¢, < 2€,,

Iz

fo= ﬁ-{j’: | (2.21)
For 26"m < €, < €4,
fomfl— -2y ()
r—1427 €op — 2€L,
For ¢,, < €, |
fe=0 (2.23)

2.2 Reinforcement

While earlier design practices tended to use large diameter bars, ub to #14 or
#18, to avoid congesfion of reinforcement, such practice may lead to potential
bond problem in cases where the column main reinforcement were lapped at in-
sufficient length with starter bars in the plastic hinge regions [8,1]. Consequenﬂy,
such columns are charécterized by very rapid flexural strength degradation un-
“der the design seismic loads. The current Caltrans approach [22] has been to
avoid lap-splicing of the main reinforcement in the potential pla.sti\c. hinge region
of bridge columns. Such deficiency however may be rectified by a fully grouted
steel jacket, as shown in recent large-scale column tests carried out at the Univer-

sity of California, San Diego [1]. The analytical model developed here assumes
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full yield of the main reinforcement including strain-hardening,.
2.2.1 Longitudinal Reinforcement
The monotonic uniaxial stress-strain response of a typical reinforcing steel is
characterized by a distinct elastic region, ar,ryield plateau,‘ a strain-hardening
region, followed by a falling branch after peak stress up to bar fracture. A
generic stress-strain ‘curve for the reinforcing steel up to the maximum stress is
shown in Figﬁre 2.4.

The equationé descfibing the monotonic uniaxial stréss-strain curve up

to ultimate strain are:

- For.the elastic range, i.e. €, < ¢y,
’ fs = Esfs' ’ ‘ | (224)

‘where ¢,, f, = axial strain and stress in reinforcing steel, respectively; €, = yield
strain of reinforcing steel; and E, = modulus of elasticity of reinforcing' steel.

- For the yield platean, i.e. ¢, < €, < €, 5

fo=1f S (229)

where €, =‘a}.cia1 strain at the on-set of strain-hardening; and f, = yield stress
-of the reinforcing steel.
- For the strain-hérdening range 1.e. € < €5 < €gus

o omies— )2 (e, —€)(60 —m), o
fo= fy(‘ao(es —€n)+2 2(30r, + 1) ) (226

where €,,, f,, = ultimate strain and stress in reinforcing steel, respectively, and

(Fou/ £)(30rs +1)% — 607, — 1
= 1572 L

5

M. =

o (eem)

T, = Esu_e;;;h ) ‘ . (228)
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In the study by Mirza and MacGregor [23] on the variability of reinforcing
steel in North America, a mean yield strength of 48.8 ksi and 71 ksi were obtained
for Grades 40 and 60 steel, with coefficients of variation of 10.7% and 9.3%,
respectively. The mean modulus of elasticity, E;, was 29200‘ ksi with a coefficient
of variation of 3.3%. It was also found that for both gfa.des of steel, the ratio
of ultimate to yield strength was f../f, = 1.55. The steel model adopted for
the program assumes 2 modulus of élasticity of 29000 ksi, and a slightly lower
ultimate to yield strength ratio of 11.50. Other mechanical properties assumed

for the stress-strain model are:

For Grade 40 steel, €5 = lde,

€ = 0.14 + €,

For Grade 60 steel, €sr = Dey

€5, = 0.12

Note that the tangent modulus at the on-set of strain-hardening, E,p,
may be obtained by taking the derivative of Eqn. 2.26 with respect to steel

strain, €,, and operated at the strain-hardening strain, €,;:

9m — 12 60 —
m — 120 m) (2.29)

Eg =
h fy.( 1 T30, + 1)

2.2.2 Transverse Reinforcement

The provision of closely-spaced transverse reinforcement in the regions of severe
inelastic actions will maintain the integrity of the concrete core and increase the
rotational capacity of the column. Maintaining the integrity of the core also

allows higher shear forces to be resisted by the concrete. Potential shear failure
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Apla‘ne must 1ntersect a larger number of transverse femforcernent whichtherefore
increases the shear resmtance Lateral Stab1hty of the longltudmal remforcement
1As also improved by the presence of the closely-spaced hoop or sp1ra1 These
' hoops or- sp1ral act as ‘anti- bucldmg tles to allow full compressmn yleld of the
-long;ltudmal steel to be developed The 1ntegr1ty of the core and longitudinal
“steel assures the vertical load carrying capamty of the column after a severe .
‘earthqualxe '

The design requirement for confinement by transverse rei'nforcement‘ in
_ the potentia,l plaetic llintre region of column differs in‘differe'nt‘ design codeS' For
e*carnple for a column confined by c1rcular hoops or sp1ral the ACI 318 Code '

[24] requires a m1n1mum volumetric ratio of:

| A p | o
= 045 (—9— 1) lo . oap
p I A (2.30)
but not less than
ps = 0112222 . DRI (2.31)
, vh T }

where fyh.‘ = yield sttenwt‘h of transverse steel Which is not to l';e taken as greater
than 60 ks1 A - gross sectlonal area for the column and A = sect1onal area
for the concrete core. It should be noted that the deﬁn1t1on of core area A (and
hence ps)‘by the ACI 318 Code [24] is referenced to the OlitSlde diameter, and
not to the centerline,diarneter of the hoop of“spiral, as deﬁned earlier in Sect,i’on
2‘:1.1. Similar expres'.sione WeFé. adopted by the New‘Zealand NZBlOl ‘Code [25]
but modified to inélude the inﬂﬁence of axial load, namely: L

!

N P ‘:‘. ) . ‘A‘
- 0.45 ( 1) - (0 54 1. 25¢af;0 ) | (2.32)
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but not less than
i

P ;
, = 0.12222 [ 0.5+ 1.25 : ) ' 2.33)
p fyh ( ¢ﬂféo‘4§ - ( )

where P, = column axial compression from gravity and seismic loading, and is

limited to 0.7¢,f! A,; and ¢, = strength reduction factor = 0.9, if plastic hinging
can occur, or 1.0 if the column is protected from plastic hinging by a capacity
design procedure. Note'that Eqn. 2.32 and 2.33 allows a 50% reduction of the
transverse steel required by the ACI 318 Code [24] for no axial load (P, = 0),
but requires a 38% more confining steel at the upper limit of P, = 0.7¢,f/ A,.
The requirement for greater confinement for high axial load is in recognition of
the laréer neutral axis depth associated with the increased axial load, resulting
in more dependent of the flexural strength and ductility on the stability of the
concrete core.

To ensure a ductile response in the columns, cpnﬁnement must be pro-
vided over sufficient length at both ends of the columns where severe inelastic
actions may occur. For columns with axial loads P, £ 0.3¢,f/ A4,, the New
Zealand NZ3101 Code [25] requires confinement to be provided over a region of
at least equal to the larger cross-sectional dimension (or D for circular column),
or over the portion of the column whére the bending moment exceeds 80% of
the maximum moment at that end, whichever is grea,ter.. For higher axial loads,
0.3¢af:Ag < Pe < 0:7¢4f.,A,, the extent of confined region is to be increased
by 50%. The current ACI 318 Code [24], however, requires confinement to be
provided over a length equal to the largest column dimension, or 1/6 of the clear
column height, but not less than 18 inches, regardless of the axial load level.

To restrain against compression buckling of the longitudinal reinforce-
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ment, the center to center spacing of the confining reinforcement, as required by
the New Zea»land NZ3101 Code [25], cannot exceed 6d, where dy is the longitu-
dinal bar diemeter, nor 1/5 of the least secttonai dimension or diameter, nor 200
mm. Test results, however, have shown that such spacing retlurrement does not
eliminate buckling of the longitudinal reinforeement but ra,ther enable a compres-
sive strain up to 0.04 or higher to be sustained by the long;tudinal bar before
excessive lateral displacement due to instability of the bar would occur [26]. The
maximum spacing of‘the transverse steel required by the ACI 318 Code [24], on
the other hand, is limited to 4 inches or 1/4 of the minimum I:nember dimension,
independent of longitudinal bar diarneter. | |
The effective use of the transverse reinforcement atso requires careful
detailing of the spirals or hoops. ‘Cu.rrent usage rnaf,f entail “gvelding at the lap-
splices of the spiral and hoop, or bending back of these bare into the concrete
‘core for a.nchorage in order to develop. full yield‘ cap_acity. Design practice prefers
the use of spirals since fewer anchorages are reqnired for spir?als when \compared
 to hoops. The transverse lreinforcernent in eaﬂjer deeign praetice, however, was
:often anchored with lap—splices,in the plestic_hinge regions where serious spalling
of cover concrete is expected. The loss Ot‘ cover concrete may'initiate unwinding
of the sprra.ls or hoops and renders the transverse remforcement ineffective. The
model developed here assumes - full development of the transverse steel strength
" at ultimate cond1t1on and prudent use of the computer progra.m perta.lnmg to

lap detarhng 1s adv1sed
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2.2.3 Steel Jééket

The role of a steel jacket for retrofit of bridge columns are considered to be the
same as that of the transverse reinforcement. ‘The‘ jacket prevents the spalling
of cover concrete and allows the development of large compressive strain in the
longitudinal steel Wlthout buckling. The shear strength of the column in the
encased region is also enhanced (see Chapter 5). ’

Although the commercially available structural steel for lsteel jackets has
yield strengths raﬁging from 36 ksi to 50 ksi or higher, the level of confining
pressu}e required for retrofit does not generally require yield strength greater
than 36 ksi [1] A suitable steel for the jacket is the A36 hot-rolled which has
rela’tively‘low carbbn cdntent {(from 0.25 to 0.29% depending on the thickness).
The low carbon content providlels a good welding property which is important
for on-site welding of the steel jacket. The average static yield sfreﬁgth of A36
Steel, as reported in [27], is 37.1 ksi with a modulus of elasticity averaged around
29500 ksi. The on-set of strain-hardening occurs at strain of 0.020 with a strain-
hardening‘n‘lodulus of 450 ksi. The ultimate stress is about 56 ksi occurring at

0.20 strain. Using these properties, the stress-strain curve for A36 steel can be

constructed from Eqn. 2.24 to 2.28.

2.2.4  Grout

The analytical model developed here assumes an injection of a cement-based
grout into the gap between the steel jacket and column to facilitate composite
action. The grout infill provides a certaiﬁ degree of composite action‘ between
the coiumn and jacket depending on the available bond strength at the steel

jacket and grout interface, thus increasing the flexural rigidity of the column.
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Considerations of the column flexural rigidity are discussed in Chapter 4.
The develop‘rﬁent of the lafera,l confining pressure fj; given in Eqn. 2.7

may be limited 'by the compressive strength of the infilling grout ie.

| flljsf_; o _(2-34)‘



Chapter 3
Laminar Analysis

3.1 General

Since the constitutive relations given in Chapter 2 cannot be easily integrated in
closed form to give the internal forces for steel and concrete, a numerical approach
involving laminar analysis as outlined by King [28] will be used.

The column critical section is divided into two regions for conﬁnemeﬁt
consideration, namely the cover and core concrete. The centerline of the hoop or
spiral steel defines the boundary rof the two regions. For the program, the critical
se;:tion 1s discretized into a total of 100 slices; with 5 slices in the top and bottom
cover and 90 slices in the core portion. The discretization is considereci adequate
for flexural strength and ductility assessment. Thé discretized column section is

shown in Figure 3.1.
3.2 Discretization of Concrete Section

A convenient method for defining the area associated with the discretization
process is by use of the area formula for a sector in a circle, shown shaded in
Figure 3.2, and is given by:

2
Ape = %(G—SinG)

D . 2% D |
= oS 1(1—1—?;-):(5—.1;)\/.D.y—y2 (3.1)
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where D = diameter of column; 6 = subtended angle; and y = distance from top

edge of column. Note that the diameter of the core concrete d is:
dy =D —2c+d,, (3.2)

where ¢ = clear cover measured to longitudinal bar; and dy; = bar diameter of
- hoop or spiral.
In a similar manner, the sectorial area associated with the core diameter

ds may be written as:

d)? 2 od
A = (—%COS (1= d—y - (5 —Vdey -y (3.3)

By substituting the distances y;_; and y; into Eqn. 3.1, the corresponding

sectorial area A(se),_, and A(s.), may be obtained. The difference Between the

1

two areas gives the area of the i® slice for the outside diameter (Figure 3.3) i.e.

A(sh’ce),' = A(sec),- - A(sec).-_l ‘ (34)
Similarly the area of the itt slice for the core diameter d, is given By:

slice);

= Alser), — Al \ (3.5)

(sech—1

Al ‘

Within each slice, the area is further divided into the cover area, the core

area and the steel area. In the cover region:

A(cover),‘ = A(slice). (36)
A(core). = 0 (37)
In the core region:
A(couer).‘ = A(sh’ce).‘ - A’(slice)g ‘ (38)
A(core); = ,(jhce)l' - (As)z' ‘ (39)

where (A,); is the steel area assigned to the it slice defined in the next section.
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3.2.1 Longitudinél Steel

The program assumes a uniform distribution of longitudinal bars around-the
perimeter so that the total steel area A, can be ’smeared’ into a continuous ring
of reinforcement formed by a cirele passing through the centefs of the bars. The

' steel area assigned to each slice is in proportion to the arc length subtended by‘

that slice (see Figure 3.4) Thus the steel area for the i** slice is:

8, — 8;_, ‘ '
Yie1 1
o ) S (3.10)

For simplicity, the steel area in 7t slice (A,); 1s assumed to qc£ at the center of

each slice.

3.3 Sectio’n]Analysis
3.3.1 'Strain_ Proﬁle

It 1s aésunlled- that planelséction beforé bending remains plar;e a:fter bending so
‘that the linear longitudinal strain profile shown in Figure‘B?.l may be used to
" define .the deformation of the column critical section. The st#ain ¢; at center of
1t glice _Iﬁay be written as:

€, =€ —(C —€ .‘)yCi_c_*_O-»'Sdsh
€ = €op Ctop bott d—C+O.5dsh

(311)

where €,,, = strain in the outermost fiber of the core (compression is +ve); €.u =

strain in the extreme tension steel; d = distance from top cover fiber to extreme

steel; and . = distance of the center of i** slice from top cover fiber.
From the known strain profile, the Idngitudinzﬂ stressés in both the con-

crete and steel are computed using constitutive equations developed in Chapter

4

2.
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3.3.2. Equilibrium of Internal Forces

- For static equilibrium, ‘the sum of forces in concrete and sjteel at the critical
section miust Aeq’ual to the apﬁlied‘ amal force. The total concrete force C. consists ..
of forees in the. cover ai@d core eenerete, and is g'iven‘ b)r: |

| N

S ((Feerdome + Fdeoreere . (312)

=1

-C,

where (f)covers (fc)‘m'E = longitudina.lrstresse's'in the cover and core concrete,
- respectively; and N. = total number of slicee. It is to be reiernphasized that the
arialysis is carried out for load-stages above ‘cracl{ing of the eOVer ccv)ncrete‘a.rid
that ti'le teneile stressee"'in concrete can be ignored. The net :steel_ force .is given
- by: | | -

”a—n=immeﬁ I G5 L)
where Cs, Ts = corrlbressive and tensile steel forces, resp'ect‘i_vely; ( fsji = lon-
gitudinal steel stress ‘at the i** ‘slice; and (4,); = steel area assigned to the i*"
slice. | |

An iteration:-procedure is‘_emplc.)y'ed‘by varﬁng the extreme strain value
of the Conerete core until the follo;‘yirrg convervgence c.riterior_l.ifor the equilibriﬁrrr

of internal forces is satisfled:
lC.+C,-T,-Pl<aP . (3.14)

' where P I# applied axial force: and AP = convergence‘linrit and is the taken as
- 0.05% of the balanced axial force Pg,a; The balanced a.xm.l force Pbal 1s deﬁned‘
as the column force, actmg in con_]unctlon Wlth a bendmg moment requlred,

' to 1nduce 51mu1taneously an ultimate compressxon strain in the extreme core
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fiber and yield strain in the extreme tension steel. The estimation of ultimate
compressive strain 1s discussed further in the neit section.
Upon convergence of internal forces, the bending moment about the col-
~umn centerline is obtained usiné:
N o D 4
| M= Z;((fc)coucr-‘lcouer + (fo)eoreAcore + fsAs)i(E - Yei) (3.15)
i=

where y.; is the distance from top fiber to the center of the :** slice.

3.4 Ultimate Concrete Compressive Strains

3.4.1 Previous Research -

In limit state design, a realistic estimation of the ductility capacity of a member
must be made. Code computation of the flexural strength for reinforced concrete
members, for example by ACI [24], assumes an extreme compressive stréin of
0.003. Such values leﬁd to very conservative assessment of the ductility capacity
for the member and cannot easily satisfy the ductility demand imposed by seismic
- loading.

Various empirical expressions have been proposed to improve the pfe-l

diction of the ultimate compressive strain. For example, earlier expressions by

- Baker [29]:
‘ ' d
eu = 0.0015 |1 4+ 150p, + (0.7 = 10p,)=| < 0.01 ' (3.16)
and Corley [30]:
| oo = 0.003 4 0022 1 [£fr )’ (3.17)
° z, 20 :

were intended for calculation of the plastic hinge rotation in reinforced concrete

beams. The terms in Eqn. 3.16 and 3.17 are p, = ratio of volume of transverse
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conﬁmng remforcement to volume of concrete core (similar to Eqn 2.15); p, =

rat1o of total volume of transverse plus long1tud1nal compressmn reinforcement
to volume of concrete core; d = effective depth of, beam se.ct1on; ¢ = neutral axis
‘depth- Ib = width of beam section, z = dietance' from criticol section to point
.of contraﬁexure and . f = y1eld strength of hoop (k81) These expressions have
been shown to be very conservative, ‘especially for well conﬁned columns [31]
Tests on near full—sca.le square columns by Scott et al [31] suggested that
the maxnnum compresswe stram in the core concrete could be taken conserva-
tively as the lor_lgltudlhal strain at Wl’llCh the first hoop fractores. -The concrete
eore compressive strain at ﬁr.st hoop fracture varied between 0.02 to‘.0.03"8 in
cohcentrically loaded'eolumns, and between 0.061 and 0.074 for 'theeccentri‘cally o
loaded eolurrlns,' The larger compress‘ive strain in eccentrically loaded eolljrhns .
. indicated ‘strongfdep‘endence of ultimate compressilve'strain "on strain gradient
across the sect1on The strain at first hoop fracture was found to increase with
‘mcreasmg volumetric rat:o of transverse re1nforcement and decrease with higher

rates of loading,. Based on these results, a less conservative expression was pro-

- posed by Scott et al {31], which in U.S. Customary Units, is given by:
e = 0.004 + 002070, 5 (3.18)

where p, = volumetric ratio of transverse steel to eoncrete‘cor‘e; and‘ fyn = yield
strength of transverse steel. Note that in the limit‘ where no transverse steel is
- provided, the prediction of ultimate concrete compressive strain is 0.004.

v
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3.4.2 Energy Balance Method

A more rai;ional approach to the prediction of ultimate compressive strain for
confined concrete wﬁs recently proposed by Mander et al [18] based on an energy
' balance method. It was suggested that the additional ductility of confined con-
crete is provided by the strain energy capacity of the. transverse reinforcement.
For a confined column, the available strain energy of the transverse hoops, Uy,
is considered to be equal to the external work done on the column to fracture
the hoops, U,, minus the work done to cause failure of an equivalent column of

unconfined concrete, U, 1.e.
U.sh = Ug — Ucu ’ (319)

In the original approach by Mander et al [18], the external work done on the
column to fracture the hoops, U‘g'7 was taken to be the sum of the work done on

~ the confined concrete core, U,., and the longitudinal steel, U, i.e.
U,=U,.+U, (3.20)

where U,, for a unit length of column, is determined by the area beneath the

* longitudinal steel force-strain curve i.e.

U, = / A f.de (3.21)
a

However, as Tanaka and Park have shown [32], Eqn. 3.21 overestimates the
.amount of strain energy absorbed by the hoop steel to develop the compressive
strain of the longitudinal reinforcement, since it is the energy to prevent buckling
of the longitudinal, rather than the energy to fully compress the longitudinal

steel that is required for energy balance. For practical range of longitudinal
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. ' ' {
" steel ratios, the strain energy required of the hoop steel to prevent buckling the
longitudinal steel, U,, is small compaféd to the strain energy absorbed by the
confined concrete, U,. It is thus assumed that U, can be igﬁoréd so-that FEqn.

3.19 can b'e approx’imaﬁed by:
Ui m U= U Co (3.22)

This a-pproximationl will”be shown to provide a ‘conserv'ati‘ve estimate of the ulti- -
mate compressive sfrain. A mo‘ré refined treatment of the stfz;min energy'requiréd
to pré\'rént buckliﬁg of the'longitu'd’inal .steél cah be found 1n Tz;,naka and Park
[32]. |

| The additional strain energy absorbed by thé coﬁﬁned concrete (per unit
core area) is given by the shaded argé, A1, between the sffess-strajn curves of the
unconfined and confined concrete, as shown in Figure 2.1, a:nd may be written
as: | |

Ar =St —jesp)‘ - (3.23)
where v, deﬁotes the coefficient ‘o‘f integration; fc’c‘ = conﬁﬁedi‘concrete compres-
sive strength; €., = ultimate concrete‘c_:ompr‘essive strain; and ;ap = spailing strain
of the unconfined concrete. | |

The straiﬁ energy density of transverse steel is given by the ar;ea, As
under the stress_;strain cﬁrve of t’rams‘verse s‘geel, éhbwn in Figure 2.4, and may
be written as: | | 7 |
Az = 72fyh6;; e ' (3.24).
where +, is the coefﬁcient'of'integratioh;'fyh = yield s,t_rength.of transverse steel;
and €, = ultimate tensile-st:ain of tra.nsverﬁé ‘steel. It‘sh(\)uldl‘ be noted that t}nle‘

strain energy is only calculated up to the.ultimate stram and does not include the
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energy reserve beyond ultimate stress to final fracture. The approach would lead
to a lower bound value for the ultimate compressive strain of confined concrete.

The balance of strain energies between the core concrete and transverse

steel (Eqn. 3.22) requires:
. , i ‘ o
Yofun€suAsemds = 11 fol€cu — esp)(zdf — A )kes (3.25)
where k. is the confinement effectiveness coeflicient; 4, = longitudinal steel area.

Eqn. 3.25 can be rearranged into:

Yo foh _ Pstsu | 5
"1 frfc (1 - pcc)ke (BHG)

where p, and p., have been defined earlier (Egn. 2.15 and 2.12).

€ou = €sp T

Since ihe longitudinal steel content is generally less than 5% for a typical
bridge column, and the confinement effectiveness coefficient k. is close to unity, it
-would be acceptable, for design or assessment purposes, to further simplify Eqn.
3.26 intb:

2 @

€y = €5 + s€su ™ : 3.27
P p '.}/1 féc | . ‘ ( )

Note that the above simplification compensates for the assumption of no strain
enérgy being absorbed by the longitudinal steel.

Numerical integrations were carried out to determine the values of the
integration coeflicients, ~4 andlff;l,. for both Grade 40 and 60 transverse steels.
The integrations were carried out using the stress-strain curves presented in Sec-
- tion 2.1 and 2.2 for the concrete and reinforcing steel. For Grade 40 transverse
steel, strain-hardening was assumed to occur at a strain of €, - 0.0193, while
the ultimate strain was taken to be e,, = 0.1539. For Grade 60 steel, a shorter
yield plateau of e, = ‘0.0103 and smaller ultimate strain of €5, = 0.12 were as-

sumed. The ratio of ultimate tensile strength to yield strength of transverse steel
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Waé taken as f,/f, = 1.5. Even though a;‘la:ge va,ri'ation:of steel proberties is
expected in practice, these steel properties were considered .‘representative and
would 'llead’to .a réasénable’, if not conservative,, éstimafe of;‘the ultimate com-
préssive strains. Thg raﬁge of concrete compressive strength investigated in this -
‘ 'study were 4, 5.‘anrd 6 ks |

The variation of iﬁtegratioﬁ coefficient ~, with conﬁfﬁng steel ratio p,
is shown in Figure 3.5. It can b.e sleeﬁ from Figure 3.5.thlat the value of "o
ifises rapidly. for small véuh‘le.of prs.. Fo11r a conﬁnin.gl steel ratio ps of less than
0.001, the influence of confinement is small and the term (ecu-f €sp) in Eqn. 3.23
" approég'ches zero. But becaﬁse,the étress;strain curve fér uncoﬁﬁned concrete has
been assumed to be linear‘from,2e"co 10 €5 (‘see Sect‘ion‘2,1‘.‘2), ‘tl'.xere exists a
non-zero area between the curvés of the confiﬁed and -unconfined concrete, and |
the ‘Iintegration‘ cpefﬁci‘e'nt 1 must increase in order té main’éain the finite area -
between the two stress-strain curves _as. (ew‘— esp.) approachés zero. It caﬁ a]sq
be seen from Figure 3.5 that the value of 4, is larger for G%ade 60 transverse
steel thén for Grade 40 transverse steevl, and 'de‘éreases)with ;incréa,sed concrete
compressive streﬁgth. This can be expected: sincc-;: a g;rééter coﬁﬁning pressure is
available from a higher gr;ade of transverse steel, and the intégration c'defﬁcient“’
~1 18 essent‘iélllyim%ers‘ely proportional to f/. Numerical integration gave the same
value of the iﬁtegrﬁtion coeflicient, 5y, = 1.35, for both grades:of steel.r

The variation of fhe ratio of integration céeﬁicient, 72/71, with the trans-
verse steel ratio psls plotted in Figure 3.6(a) and (b). It .can be seen that for both
‘grades of steel, the ratio 72/717 rises rapidly for small transver-st;. steel ratio p;, but
levelé off to valués of abdut 1.4 and 1.35 Ifor. Gfade 40 and ‘6[‘):‘steel, respeétively.

The Grade 40 steel however.shows a larger variation of v5/v; ratio with concrete

|
b
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compressive strength when compared to Grade 60 steel. For limit state design, a
conservative estimate of the ~o/7v, ratio may be desirable, and it is thus proposed

that the integration coefficient ratio be given by:

k For Grade 4b ‘steel,

2o 20007, ___ (3.28)
4 .
N (14 (1428p,)"
For Grade 60 steel,
2000p,
L < 04 (3.29)

M (14 (1480p,)*°)

The two proposed equations are superimposed as solid lines in Figuré

| 3.6(a) and (b). It sh01:1d be ré-emphasized that tlie proposed equations for 2 /v
ratio are only applicable for Eqn. 3.27, since the reduction of concrete ‘(:(.)re :
area by fhe longitudinal steel has been ignored and tﬁe confinement effectiveness

coefficient k. has been assumed to be unity. .
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Mander et al [19] conducted cpncentric load tests on circular columns
of 19.7 inches in diameter by 59.1 inches in height to determine the response of
axially loaded columns confined by circul.ar spirals. A relative high loading rate
of 0.013 strain per second was used. The transverse steel content for the coiumns7
p‘s, was betweén 70.6% and 2:5%, and ldﬁgitudinal steel cont;ent,\ p:, based on gross
sectional area, was between 1.23% and 3.69%. The axial compressive strains of
the columns were I_neasured by the linear potentiomefers over a gage length of 17.7
inches iﬁ the central region. The energy balance method was shown to provide
good prediction of the average axial compressive strain at first hoop fracture. In
calculatiﬁg the strain’energy capacity of the transverse reinforcement, however,
Mander et al [19] included the energy up th the fracture strain, assumedn to be
8% above the ultimate tensile strain of the transverse steel. The approach may
overestimate the energy capacity of the transvefse hoop, és hoop fracture occurs
in a localized region at a stress level below the ultimate strength of the transverse

. steel and is accompanied by stress-relief in other part of the steel.

k‘ Table 3.1 summaries. the experimental ultimate ‘compressive'strains as
reported by Mander et al [19] and the theoretical prediction of the ultimate
compressive strain by Eqn. 3.27. Implicit in Eqn. 3.27 is the confinement
effectiveness coefﬁcient k. = 1, whereas the actual k. factor for the test columns
varied between 0.890 and 1.002. The spalling s‘trains of unconfined concrete €,
shown in Table 3.1 are "chose‘obtajned expeﬁmentdlly for a corresponding Iset
plain concrete cylinders by Mander et al [19].- |

| Figure 3.7(a) shows the ratio of experimental to predicted ultimate com-
pressive strain given in Table 3.1 as a function of the confining steel ratios for

the test columns. It can be seen from Figure 3.7(a) that the proposed equa-
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Table 3.1: Prediction of Ultimate Compressive Strains

- Based on cqiumn—tests by Mander et al _(Reference 19)

Unit €sp fun (MPa). | fl (MPa) | p, €su | Y2/ 1 | €cu Theory | €cu Experiment
a |0.0040 1 310 40.3 | 0.020]0.18 | 1.4 | 0.0427 - 0.060"
b | 0.0040 340 48.3 0.020 1 0.18 14 0.0395 0.039
¢ | 0.0055 340 50.5 0.020(0:18| 1.4 0.0394 0.058 -
1 |'0.0080 340 - bl1.0 0.0250.18| 1.4 0.0500 | 0.058

| 2 | 0.0080 340 | 43.0 0.015 | 0.18| 1.4 0.0379 0.056

3 | 0.0080 340 38.5 0.010{0.181 1.4 | 0.0303 - 0.055

"4 [0.0080 | 320 345 |0.006|014] 14 | 0.0189 | 0.035
5 | 0.0080 320 46.5 0.020 1 0.14 | 1.4 0.0350 0.0568

- 6 | 0.0080 . 307 45.1 "1 0.020 (014 | 1.4 | 0.0347 0.057

7 10.0045 340 - 50.8 0.020 | 0.18 1.4 0.0382 0.060
8 100045 | - 340 | 48.6 0020018 | - 1.4 0.0398 0.057
9 | 0.0045 340 50.8.. | 0.020 ] 0.18 1.4 0.0382 0.060
10 | 0.0045 | 340 | 485 |0.020|018| 1.4 | 0.0308 | 0.058
11 | 0.0045 340 48.8 '0.020 10,18 1.4 -| 0.0396 0.043

-12 | 0.0045 340 50.7 0.020 | 0.18 14 0.0383 . 0.043

tion (EQIVI.'B.-QT) gi{fevs‘ reasonﬁbl_e predicti(‘m‘ of the ulltimat.e ;compr_essive sfrain

even though qonServatism 18 pronmvm‘ced ‘}for column_wi'th 1ow“coi‘1ﬁning‘steel ra-

tio, possibly due to longitudinal strain‘gr‘adient invﬁriably pr¢senﬁ at the secfion

when the transverse steel fractﬁres in-a localized regién. As iwil‘l“‘be seen in the

next section, the influence of strain gradiént on the ulti‘mat’e;cdmp‘i'_essi{fe étréin
is significant for columns with low confining steel ratios. ‘

The same set of test. data is prese'n;ced in Fiéure 37(b) with the ulti-

 mate Compre‘ss‘ive strainé being plétted djreétljf onithe ‘y-ax‘is. The prediction -
of ultimate compfeSsive strvain in this case is based on the following properties
for the columns: unconfined compressive strength of concrete fi = 4350 psy; )

spalling strain of unconfined concrete ¢,, = 0.0‘05;' ield strength of transverse
g . Esp Jy Y g

sfeel ‘fyh =493 ksi: and ultimate tensile strain of transverse steel €su = 0.18.
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The prediction of ultimate compressive strains by Scott et al (Eqn. 3.18) is also
included in Figure 3.7(b) [31] for comparison. It can be seen that, even though
the proposed equation (Eqn. 3.27) is conservative, it gives a better prediction of
the ultimate concrete compressive strains when ‘cornpare‘d to Eqn. 3.18 proposed

by Scott et al [31].

3.4.3 Influence of Strain Gradient

- In the eccentric colurnri tests by Scott et al [31], a two to three fold increase of
the ultimate compressive strains were observed at first hoop frdéture. The test
columns were subjected to a strain gradient of having the neutral axis near one
face of the column. ‘ N

The influence of strain gradient on the ultimate compressive strain, €.,
can be studied using the energy balance method but carried out on discretized
core concrete, as sho-wn in Figure 3.8. The concrete core, as characterized by the
diameter, d,, is divided into a finite number of .slices and prescribed with a linear
longitudinal strain profile across the section. For the " slice, the strain energy

required to change the concrete from an unconfined to confined state is:

Eam [ [ (= Fde] (40, | (330)

where €.; = longitudinal strain at mid-point of the i** slice; (A.); = net concrete
area for i** slice; and f.., f. = confined and unconfined concrete compressive
stresses, respectively. The net concrete area for each slice is taken as the area
of each slice minus the assigned(longitudinal steel area for that slice. The: lon-

gitudinal steel is 'smeared’ into an equivalent continuous ring of reinforcement,

and assigned to each slice in proportion to the arc length contained in the slice,
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Figure 3.8: Laminar Analysis for Ultimate Compressive Strain

similar to that discussed earlier in Sect'ién 3.2. The longitudinal steel is assumed,
“as before, to absorb no strain energy.

The strain energy available from the transverse steel in the #** slice is
given by:

eh.-'=[[h'(f,)de] (va); | (3.31)

where ¢;; = tension strain in transverse steel for it slice; f, = transverse steel
stress; and (vs); = transverse steel volume assigned to :* slice, similar to that
adopted for longitudinal steel, i.e., proportional to the arc length contained in
that slice. The distribution of ‘tensile'stralin in the transverse steel is assumed to
be linear with .esu at the extreme fiber, and decreases to zero at the location of
the neutral axis (Figure 3.8).

Assuming a confinement effectiveness coefficient of k. = 1, the balance
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of energies between concrete and transverse steel Vre‘quires:
‘ ‘ N N \
s> Ei=2 En (332
i=1 =1 . N ,

where N, = ‘numberv of comiaréssive slices;_a':[;dl § = traﬁsVers%_e steel spacing. A
humeﬁcal procedure; is carried out s.o”t:hat;tfor a given dimeﬁsionless curvature
i.e. curvature times core diamete‘r‘(,‘cﬁds), the value of .ecu .isf iterated until the
‘balanced condition in Eqn. 3.33 is satisﬁed-‘wi‘thin a. preééribed to.le.r;'mce limif.
A ;:onvergence of solufion is assumed if ‘th.e inequality beloﬁ is satisfied:

N
5 Z.‘:cl ‘Sci

| 2&1 ghi

~ 1] < 0.02 | O (3.33)

~ The influence .Qf strain gradiént on the ultimagte conﬁpréssive strqin of
concreté €0y WaS studied using ;Grade 40- steel for th>e transvers;.e‘ reinforcement,
with the following properties: stfain-hardening strain eg, = 0.0193; ultimate
strain ew‘ = 0.159; jfield st'rength fon - 40 ksi ‘and l‘ul‘timalte strength f,, =
1.5fn = éD ksi. The concrete strepgth chosen wa‘;s. féa = 50b0 lﬁsi. Figure ‘3.9 -
sh‘ows the influence of strqi'n gra,dieﬁt on the ultimaté compressive strain for the
case‘bf Pec =2% longitﬁdiﬁal steel, whére pc'c is defined in Eqn 2.12.
The presence of strain gradient cauéés a 'signiﬁcal.ntvir?lcr'ease in the ulti-
-mate colmpressive strain; as can be seen in Figure 2.9. For a giive:n dimensionless
-.curvature; the increage of ultimate compressive strain is large for small traﬁs-"
verse steel ratios. _It,"can be Seen.that'ecu may’ doubie for columns with' small
volumetric fransv'efslg steel ra.tio. For example, consider a cg:j»lu‘mn, of 60 inches
core diameter and reinforced with transverse steel of p, = 0.2% and longitudinal
steel ratio pe. = 2%. Fo"r“an ;néia] compress.ion of 0.05 féoAg, the ultimate curva-

ture to be éxpeéted is 0.00119 rad/in, with a corresponding ultimate compressive
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Figure 3.9: Influence of Strain Gradient on Ultimate Compressive Strain

strain of 0.0205. The prediction of €. without strain gradient is however only
about 0.0084. Thus the presence of strain gradient caused an increase of 2.44

times in ultimate compressive strain.

3.4.4 Confinement by Steel Jackets

The use of a steel jacket for column retrofit inhibits early spalling of the cover
coﬁcrete, and enhances the ultimate éoncrete gompressive strain €., in the manner |
similar to that of the confinement provided by internal transvefse reinforcement
to the core concrete. Thé ultimate icornpressive strain €., may be estimated from
the balance of strain energies between the steel jacket and the cover concrete
which changes from an unconfined to a confined state. Fc;r-simplicity, let us

consider the enhancement of ultimate compressive strain in a column of concrete
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encased by a steel jacket. Réwritiﬁg the area Az under the strgés—stféin curve for "
: thé steel jacket as: = ‘ |

. 'A2.=r Yofyi€suj = : o - (3.34)
‘where ;yg is the .coefﬁéient'ofinteérétion as before, and fusy €su; aTE néw the yield
stress-and ultimate strain for ‘t‘hé steel jack‘et, ‘respect‘i‘vely, ‘t‘h‘ei balance‘-of strain
e;iergies for a célufnn of cbﬁcrete ehcased by s’:“teél jacket r_e"qu‘ires:-

'Ylfc’c(fcu‘_ GSP)Z(DJ' - 2t;)* = 72fyj€_'suj(Dj — t)t;m L (3.35)

which reduces to -~ SR IR
1 fu, 44D~ 1))
T fi ™ (D; - 2t;)?

For practical appli'(:a;cion, since the thickness of the jacket will be small compared

r

€ = €+ (3.36)

1

to the diameter i.e. t; < D;, we can write:

4t,(D;—t;) . 4t
(D;—2t;2 " Dj—z2t; ¥

L (e

where Psi denotes the cdnﬁning rafio of steel jacket"deﬁned in Eqn. 2.8.
Thus the limiting concrete compressive strain €., for concrete confined

"by steel jacket may be written as:

| €ou T €gp ot T T €5u5Ps; , - (3.38
- sp v L, Jp-‘?.?‘ L ( )

The program assumes that the stress‘-strain‘ curve for lsteél jacket resem-
bles that of Grade 40 -feinforcing steel so that the ratio of 72/71 fnay be lobtained
from Eqn.‘3.28‘.', o o - |

‘Itrshoﬁld be ‘ﬁotea that the increase in ultimate ;:ohcrete compressive
. s_train €cur as a resﬁlt of confinement from‘ the steél_ jacket, causes a corresponding

increase in the extreme tension steel strain. A possible limit state then exists in
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'v\‘rhich the behavior of i‘etroﬁtted column may be governed by fracturing of the
longitudinal steel. Large inelastic loa‘d‘reversa,ls can cause serious reduction of the
fracturing strain; ‘a phenomenon asséciated with low-cycle fatigue of metal. The
reduction in fracturing strain results in a smaller cyclic displacement ductility

factor, and is discussed further in Section 4.3.2.2.






Chapter 4
Column Deformation

4.1 General

The approximate prediction of column flexural response used by COLRET is
outlined in this chapter. The lateral displacement at the center of seismic mass
is obtained from a moment—cuﬁatme analysis carried out at the critical section
of the column. Instead of es.tablishing a distribution of curvat;’zres up the column
" and then integrating that curvature with respect to column height to obtain the
lateral displacement, the simple approach of using an equivalent plastic hinge
length developed in [33] is adopted. The safne approach is extended to retrofitted

column. Shear deformation is ignored in this formulation.
4.2 Moment-Curvature Relations

Typical behavior of bridge columns under lateral loading is characterized by a
near-linear elastic response ub to first yield of the extreme reinforcement at the
critical section of the column. The moment aﬁd curvature at this stage of the
loading are termed as the yield moment M, and t?he yield curvature ¢, respec-
tively. Further lateral loading on the column causes a spread of steel yielding over
a larger area of the cross-section and decreases the slope of the moment-curvature
curve until a peak moment is achieved. A descending branch then follows in the
post-peak region until an ultimate curvature ¢, is reached. The ultimate curva-
ture ¢, i1s defined by the extreme compression fiber of the concrete core reaching

¢
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" an ultimate concrete compressive strein ‘ecu‘. The‘mo‘r’nent corresponding to ¢y 1s
‘ termed the ultirﬁate mdrﬂent M,. | |

In the case of retrofitted co.lur;ms, the u‘ltimate COMPression Strain €q,
© reached by extreme concrete fiber is signiﬁcanﬂy increased by the ‘coﬁﬁ'niﬁg ac-
tion of the -encasing steel jacket. The in.ifia.l elastic .responee of the retrofitted
columns however resembles that of the ’ae-built’ columns since e nﬁnimal lateral
expans:lon of the column concrete occurs at the.early stages and the steel jacket
essentially remains inactive. At h1g;her lateral loads, a s1gn1ﬁcant lateral expan—
5;101117 of concrete'occurs, inducing ‘hoop tenswn in the steel jacket Wh1ch reacted
‘ by.providjn-g le,teral pressure te the éxpanding concrete. The spalling of cover
concrete is fhen delayed until a incch‘larger concrete strain 1s developed. The
inc_rea;se In concrete compression strain causes a cofresponding increase in the
curvature Iductility and may p‘rc‘)‘cvluce‘ a positive mement-cur'vatufe gradient as
the l‘orllgit‘udinal‘ste'el reaches Strain-hﬁrdening. The ultimate: curvature may be
limited by the extreme tensibh steel reaching the ul.tizr‘late .tensile s-i_:ra,in: es;, as

pointed out in Section 3.4.4. Typical moment-curvature relations for as-built’

and retrofitted columns are shoﬁn in Figure 4.1.

4.3 Lateral Disi)leceménf

4.3.1 ’As-built’ Collu.r_hns

: Thel computer program COLf{ET a,ssufnes aﬁ elasto_—plas'ti,cl {epptoxima,tion for

the ‘actual moment—curvature relation at the critical selctiori.: For the ’as-built’ |

colunﬁns, the ele,sto—plastic yield curvatui_e is approximated bjf‘:

. ’,Mu e T . )
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where M, and M = ﬁrst yleld moment a.ﬁd ult1mate moment of as-built” column,
respectively; and qﬁ’ = curvature at first yield of the longltudlnal reinforcement.
A linear curvature distribution i is assumed for the column up to the equivalent
clasto-plastic »yield_curvatyure,@y, as shown ‘in Figure 4.2. :fThe first moment
.of .‘the' curvature di‘stributionaabout the tcp of the coluﬁ;n Igiives‘.the equivalent

elasto-plastic yield diéplacement 1.e.

(4.2)

where L = original height _of the column; and ¢,= elasto-plastic yield curvature
at the column basé," . ' | Lo |

| It shOuld be recognized tirat the assumption of full baséf fixity in a verticél :
cérrtilever does not r)revail in actua.l‘ columrrs. The‘later‘a‘ly displacement of a
- column is increased by strain penetration of Iongitudir_ial bars into thellfootir-lg.
To acccuzrt for the increase in lateral displa_c.ement', Ithe beﬁfec“tive height of the
‘colurmn is increased by 6 times t.he longitudinal bar diameter ij.e.

L=1L+6d, o (43
where L, L' = effective and original height of the coiumn; Iresl:;ec;nively, and dj is
. thc' ldngi_tudinal Bar dicﬁleter. ‘The increase of column heighf iﬁs only effected for
' the»pr'ediction‘ of ultimate dcﬂection in the program. I

The Iatéral displacement beyond first yield of the cohrrnn 1s assumed to
occur by a p]a,stm rotatlon over an equivalent plastm hinge length L,. Assummg
that the plastic rotation 6, is concentrated at the center of the plastlc hmge it
has been shown [33] that the lateral dlsplacement at ultunate curvature ¢, is

given by: _ _
Av=A, +6,(L - 05L,) - (4.4)
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~ where §, = plastic rotation = (¢, — ¢,)L,.
" The displacement ductility factor u is defined as the ratio of the ultimate

displacement to the equivalent elasto-plastic yield displacement i.e.

A
=— 4,
hE A (4.5)
Combining Eqn. 4.2, 4.4 and 4.5 gives:
Pu L, L L, o
- v _ IR Z _ 522 4.6

The equivalent plastic hinge length adopted by COLRET follows ‘that
ﬁroposed in [33]: | | | |

L, =008 +6dy (4.7)

where d; denotes the lohgitudinal'bar diametér. The second term onfthe’right—

hand side of the equation signifies the increase in effective plastic hinge length

with strain penetration into the footing, which is assumed to be proportional to

the bar diameter.

4.3.2 Retrofitted Columns
4.3.2.1 Yield Displacement

In addition tlo enhancing the strengtim and ducﬁility of the column, the presence of
" the steel ja,cket’ also increases the flexural stiffness of the.column. In the encased
region of the column, full composite e;ction of Ithe steel jacket cannot be real-
ized until a>ﬁni‘te bond transfer length is developed. Depending on the 1ength of
the jacket and the bond strength between the grqut and jacket, two possibilities
arises: case (i) involves a long jacket where sufficient length exists for bond trans-

fer to effect a region of full composite action, and case (ii) involves a relatively
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sliort lengtii of jacket in which full‘(_:oxiiposite action cannot be developed. The
two cases are identified in Figure 4.3. |

The lateral displacement of a retroﬁtted column at ﬁrst y1e1d of the ex- '.
treine tension stee] may be estxmated by assuming a-suitable variation of the
- flexural ri,gidities‘ up the column. At the‘ ba,se“of‘the retrofitted column where
a vertical gap is i)fovided, an equivalent confined flexural rigidity of the column
" can be defined as: .
' M

(Er» = (4.8)

y'f'

where M, and gb'yr ie_tiresent the moment and curvature, reepeétively, at first
~yield of the extreme tension reinfdrcement, and are assessed by sectionai‘ analysis |
‘carr‘ied out at the base section; ‘ |

If the steel jticket, is "cbrisidered to be extended to the base of the column
‘and full coinposit'e acticiti assumed at t\hat level, an upper—boiind composite flex-
ural rigidity (EI)C can be defined by a sectionai'aﬁalysis carried out to satisfy the |
“eq‘uilibriuin condition imposed by the external axial loa,d, P, and tEtroﬁt yield
moment, M., l.e. | I

M,,
EIC_
PR (ED. ==

where ¢. denotes the curvature for a fully composite section.? The fully compos-

(4.9)

: ite eondition requires strain compatibility between the steel jacket, grout infill,
column concrete and reinforcing steeli Thé difference between (EI). aiid (EDs
thus represents the maximum stifieiiing effect of the ‘steel jacket and groiit inﬁlllr
on the column. | | .

If full composite action exists over the entire lengtii of the jacket, the

vertical stresses in the jacket will vary in a near-linear manner since a linear
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distribution of bending‘rnornent is' imposed on the colummn.' The 'ljnear stress
variation wilhl' be known since the extreme vertical jachet stresses are calculated
from a full comp051te sectlonal analysis carried out at the base level to deterrrune
(EI).. In reality, the vertlcal stresses in the Jacket eorrespond1ng to full composite
action cannot be effected until a finite bond transfer length is developed, resulting
. in a non- llnear vanatlon The bond transfer lengths are however different for the
cbmpressron and tension reglons of the column. On the ﬂexurall compression side,
larteral expan‘sion of £he concrete is signiﬁcant especia.lly‘at high axial strain. The
eipansion of concrete increasesv the normal contact stress 'whic;‘h‘in turn increases
the bond strength. On the other hand, lesser expansion of the eoncrete OCCurs on.
the tension side ‘requirvi‘ng a larger bond transfer length. The épproach adopted
here computes an average value for the absolute rnagnitude of the compressive
and tensile vertical stresses and uses a linelar variafioh of the average value up
the jscket, as shown in Figure 4.4. The average ja,cket Verticaistress at the base, .
assuming an extension of the, jacket te ton of feehing-and full composite action

at that level, mdy'be written as:

[(Fude ) 41 (e |

(fvj)rue = 5 (4.10)

‘where (fu;): and (f,;). are the vertical stresses in the extreme tension and com-
pression generators of the jacket. In case (i) Where the jricket length is long
enough for a full composrte action- to occur, the vertical stresses at levels 2 and

3 (see Figure 4 4) rnay be wrltten in the forrn

(fvj)2 : (LJ , L +lt)(fﬂ])a'ue o (411)

L
| (fvj)B

(L, - Ug —. b),
Ll

(fvj)ave ’ ‘(4'12)
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where L’ = original height of the column; v, = vertical gap provided between
jacket and top of footing; L; = length of steel jacket; [y, I, = bond transfer lengths
from top and bottom of jacket, respectively.

If constant bond stress exists at the grout and jacket interface, the vertical

jacket stresses developed by bond transfer at levels 2 and 3 may be written as:

_olt
(foi)e = “t. (4.13)
and ‘
(foi)a = u;?b (4.14)

where %, = average bond strength between grout and sfeel jacket; t; = thickness
of the steel jacket. |

Equating Eqns. 4.11 to 4.13 and 4.12 to 4.14 gives the top and bottom
bond transfer lengths: | | |

(L' — vy — Lj)t;

l, =
CT @ L = (fui)avet;

)(fuj).aue (415)

and
lb — (L’ _ Ug)tj
@l + (Fus)uurs)

The distriBution of flexural rigidities in the column is assumed to vary

(fvj)aue ' V (4.16)

linearly within the bond transfer regions. Thus case (i) assumes the form of a
trapezoid having (EI), at the free ends of the jacket and attaining (ET), after
déveloping the transfer lengths of [, and l;. A constant rigidity of (EI), 1s used in
" the uncased region of the column. The distribution of column flexural rigidities
for case (1) 1s shown in Figure 4.5.

In case (i1) where the steel jacket is of insufficient length for full bond

transfer, the sum of the computed bond lengths would exceed the jacket length
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En,| (D

! | ‘ 1— - qucket

Ry

Column Case (ii)

Flgure 4:5: Dlstnbutlon of Column Flexural ngldltles

i.e. I + Iy > L Th1s condition prevents the fully composme ﬁexural rigidity
(EI) from developmg even at mxd -height of the Jacket It is proposed herein

that the flexural rigidity at mld-helght of the Jacket be gwen‘-\by:v
(EDn = (EDs+ a(ED.~ (EI)) (417)

‘ whefe 0<a. < 1.‘Th>e degree of I‘ja.rticipati‘onvl:)y;che steel jeeket and grout ring
‘in stiffening up the column is aeeoun’ped lfor by the compolsite action coeﬂicient
@ A suitable definition of dc‘ié‘given-by' - |
o E(f’”) T aam
G’ "
where { fuj);n represents the average vertlca,l stress that is dieveloped by bond
at fnid—heighﬁ‘of jacket -an(i {(Foidm tepresents the -avef‘age ve‘rtic_a‘lnsti‘ess at the

same level of jacket if full composite action could occur. It__is rioted that the



o4

case where a, =1 corresponds to full composite action at mid-height and a. =0

corresponds to no éomposité.action. Mathematically, the two mid-height vertical

(4.19)

£

jacket stresses may be written as:
aLj

(fu.’f)m = 2t]

_ ‘ ’—-U.—L‘L
(foi)m = & T 2 (4.20)

(foi)ave

Combining the above two equations gives the composite action coefficient
u,L.L!
= Lo > (4.21)
2t5(foidave(L' —vg = F)

G as:

G

‘The distribution of flexural rigidities in this case is taken to vary linearly

from (EI); at the free end of the jacket to the maximum (EI),, at mid-height.
The uncased region of the column is assigned the flexural rigidity (EI);. The

variation of column flexural rigidities for case (ii) is also shown in Figure 4.5.

The curvature distribution up the column is obtained by dividing the
The first moment of the

bending moment by the column flexural rigidities.
curvature distribution about the center-of seismic mass gives the first yield lateral

displacement for the retrofitted column i.e.
(4.22)

L’lglgl(L'—fy)dy

Al =
ur o ElI{y)

where y denotes the vertical distance n}éasufed from top of the footing. Integra-

tioﬁ of Eqn. 4.22 is described in Appendix A.

4.3.2.2 Ultimate Displacement
It was pointed out in Sectioﬁ 3.4.4 that two possible limit states exist for steel

jacketed columns; one corresponds to the enhanced ultimate compressive strain
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of fhe cover concrete as a result ‘6‘f chﬁnemént b'y.‘the steel jacket, and the other
corresponds to a low-cycle fatigue fracture. of longitud_inzﬂ steel.

For the ultirna;te limit state in ‘wh‘ich‘ the. ‘én.hancedécpmpressive étrain
of cover concrete governs, the ultirnaté displacement A, lma;y he obtained iﬁ a
.manner similar to "nhe‘ as-built’ columr By ass'ﬁming a plasti:c. hinge rotation at
* the base of the coluﬁlﬁ. :Rewpitirig Eqns. ‘4_.4 to give thel'ﬁltijmate dislp)lapement

- for retrofitted column;

Aur = Ay +8,(L—05L,,) - (4.23)
wheré ‘ . .
M,
9 ~ (QS‘U" - TMyr)LpT ’ S ‘ (424)

‘and ¢m and ¢, are the ultlmate and first yleld curvature respectwely, L=
- effective height of the coll_mm (Eqn 4.3); L, = plastic hinge length for retroﬁtted |
columné; and M, = plastic moment, and is assessed using'a;éompressive strain
of 0.005 in the extreme ‘ﬁlbelr of the coﬁcrt.ete.'core.’ The terrm A, rvepresents an
eQuivdleﬁt elasto-plastic yield displacement and is relafeci to the first yield lateral
" displacement by: o |
Since the pre‘sencer-of steel jacket at. the baé‘e of the column provides

constraint aga‘inst the expansidn and spalling of concrete éimil'af to tha.t pfovided

" by the footing, the yxeldmg of long1tud1na.1 remforcement 1nto the _]acl\et will be

confined to a very short length snmlar to strain penetratlon of longitudinal bars -

into the footmg Thus, plasticity can be assumed to spread into the jacket and_

'footmg by 6db, gving a plastxc hmge length of

LP,‘=12‘db+vg S (428)
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This equation has been shown to give rt;_;a,sonable estimation of the plastic hinge
length for steel jacketed columns [1]

The enhancement of concrete éompressive strain by the steel j/ai:ket re-
sults in an increase in the tensile strain of the extreme longitudinal reinforcement.
The increase in the extreme tension steel strain is large as a result of reduced
plastic hinge length associated with steel jacketing. Unde; cyclic loading, the
longitudinal reinforcement may fracture at alstréin lower than the ultimate ten-
sile strain of the longitudinal steel because of low-cycle fatigue, thus resulting
in a smaﬂler displacement ductility factor. The assessment of reduced displace-
ment ductility factor based on cumulative damage model was recently proposed
in [34]. Such damage model however cannot been directly incorporated- in COL-
RET, since the model depends on the load history to be imposed on the column.
The assessment of monotonic displacement ductility factor by COLRET for steel
jacketed columns is based on the extreme cover fiber strain reaching the ulti-
mate compressive strain as predicted by Eqn. 3.38, or the extreme tension steel
feaching the ultimate tensile strain e,,, whichever corresponds to a smaller dis-
placement ductility factor. For the possible damaging effect on column ductilities
du¢ to repeated cyclic loads durir;g a severe earthqu{ake'earthquake, a 25% re- .
duction of the displacement ductility factor computed 'By COLRET based on

examples in Chapter 6 appears to be reasonable at this stage.
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4.3.3 Bond .Strength

The amoﬁnt of lateral étiﬂ'eniﬁg on lthe column resulted from retrofitting depends
. on, among other factors, the bond streﬁgthl-b'etweein‘ja_ck‘et and grout infill. It is
implicit n fhe'develépmehﬁ of the cofnputelf p‘rogré,m“that thé intgrfa,ce between
grout and jackét will be cr.itical for bond transfer. Tl_le distribution of flexural
rig‘idlity up ‘the column can be determined if'the averagg and strength 1, is
es£ablished. | ‘

A largelvariatio‘ﬁ of bond strengfhs Have been reported by various in- .
véstigators' [14,35,36,37]7‘ ‘E‘xperimentall‘bond str;eng‘t‘hs were found to vary from
abduﬁ'22 psi to 270 psi. It miust Bekrecognized that the bond sfrengﬁh depends on
_the contact surfaces of the steel, presence of shrinkage strains, properties of the
: grc;ut or concrete 'copstituents (aggregate sizé, use. of expanding additive, etc.),
loading; history a.nd éxperimeﬁtal procedures for estabiishing bond strength.

Experimenta.l'.testir-lgs by Vir-di'a,'nd-Dowling [37] involved displacipg a
~ column of f:oﬁcrete core throug}'l‘a steel tube. The loaciing condition caused a
1atéfa1 expansion of the core which increases fhe frictioﬁal fesistance between
the tube and concrete interface. Expe-rimenta-l results reveaiéd a rela.'tively-high'
value of bond s:tren'gth; the fnean.value and standard of de'viétion of 275 andj 73
psi, respectively. Similar ekperiménts were‘ca‘rried‘ Sut by Mo?ishita et al [35;36}
in which bond étrength in circular, squﬁré and octagonal :éoncrete-ﬁlled steel -
| _columns I\f;re're investigated. Axial léads were applied to the cfc;lurnn fchrpugh £he
rim of the steel tube at the tdp. The tubes were supported-at the bottom by’ thick
Ist‘eel .plates which inhibits relative slips between cyoncrete and tﬁbe. » Experimental

results showed a sli ghtly higher bond strength for circular columns than for square’
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columns.” Octagonal columns showed a bond strength intermediate of the two.
Overall values for bond strength were considerably lower (between 28 and 56
psi) when comppared to that obtained by Virdi and Dowling [37]. The low values
nﬁay be explained by lateral expansion of the steel tube away from the concrete
ﬁhen axial compression is applied. The expansion of the tube causes a reduction
in the adhesion at the concrete and steel tube‘interface which is reflected in
the reduced measured bond strength. Both experiments howev;er suggested that
bond strength was not significantly influenced by the concrete strength f/ . The
increase in concrete strength is typically compensated by higher heat of hydration
which generates larger shrinkage during hardening phase of the concrete. Thus a
higher concrete strenéth produces an offsetting effects on the frictional resistance
at the concrete-tube interface. 1
More recent works by Pérk [14] on steel-encased concrete piles subjected
to simulated seismic loading showed that bond strength between concrete and
steel did not degrade significantly ﬁnder cyclic loading. An average bond strength
of 165 psi was obtained and was intermediate of the values obtained by Virdi and
Dowling“,[37], and Morishita et al [35,36]. The variation of predicted elasto-plastic
yield displacements, A,,, with the average bond strength, @,, is shown in Figure
4.6. rszalue of 4, = 1.10 psi apbeared appropriate for the steel jacketed columns
reported in [1], and this value has been assumed by the program COLRET.
The theoretical curvature within the steel jacket region may be deter-
mined once an average bond strength @, is defined. Figure 4.7 compares the
experimental - curvatures within the steel jacket region at displacement ductil-
ity factor u = 1 with the theoretical curvatures obtained from la,n average bond

strength of @, = 110 psi. It is noted that the experiméntal curvatures measured
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at the base of the column weré affected by strain-penetration of the longitudi-
nal bars into the footing and were not repr‘esentative of the true curvature at
that location. Additional deformatic;ns were measured by the pair of linear po-
tentiometers which were targeted on top of the footing. ' Reasonable prediction .
of curvatures is achieved within the steel jacket, although slight over-prediction
is evident in the central region of the jacket. The over-prediction however is

compensated by an under-prediction observed near the top of the jacket.






Chapter 5

Shear Strength

5.1 General

The desirable ductile behavior of bridge columns depends on the proper devel-
opment of flexural hinges at the critical regions of the column. Flexural yielding
of longitudinal reinforcement in plastic hinge region provides a reliable means
of dissipating the seismic energy that is impa.rted to the bridge structure. It is
importance that premature shear failures do not occur either outside of within
the plastic hinges because shear failures tend to be non-ductile especially }1nder
large axial compression. Rapid strength and stiffness dégradation occurs dur-
ing a shear failure and will jeopardize the vertical load carrying capacity of the
column. To insure against sheabl~ failure, the shear capacity of the column must
be higher than the shear force correspoﬁding to the development of maximum

feasible flexural strength; an approach termed capacity désign.
5.2 Design Shear Force

The acceptance by bridge engineers tto,design for force levels srnallér than the
theoretical elastic inertial forces implies that inelastic actions will invariably oc-
cur under the design earthquake eyen.though the actual flexural capacity may
exceed the design values due to higher material strengths or excess reinforce-
ment provided above the design requirements. The design shear force for bridge

columns therefore does not correspond to the reduced level of response inertial

61
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force but to the shear force at the development of the actual flexural strength of
the column. | |

It has been“.poirl‘ted out by Ang et a,ll [38] that thei maximum‘ feasible
flexural strerlgth will exceed the des‘i‘gn flexural strength because of the following
practlces (1) ﬂexural strength reduction factors commonly employed in flexural
strength design calculatlons (2) material strengths (concrete and longitudinal
reinforcement) exceeding their nominal design vlalues', (3)-the eonservative nature'
of design equati‘c‘)n‘s in various ‘cddesv.vfor-ﬁekural strength est‘imation, (4) the
provisions by deeign_ers of excess flexural reinforcement abolw;'e that -required by
‘the code level of bending moment, and (5) possible higher dyrramic medes during |
‘response ef the ‘struc.ture, eaueing e deviation in the position of the point of
contra.ﬂexure in the columns from that predicted by elastic etatic analysis using
the codefspeciﬁed distribution of lateral loads. As outlin'edjby Ang et al [38],
the maximum feasibleid‘esign shea.r for‘ce; Vp, may then be related to th_e code-

specified column shear force, Vo;, via the equation:

o gkkoks I
VD = ﬁ;f_sVCL ﬁ VE ‘ . (5.1)

whére 5 is the flexural strehgth reduction factor; &, is t}re meterial overstrength
factor; kg is the factor reﬂectmg the conservatism in code expressmn for flexural
| strength ks represents the excess flexural strength- resultmg frorn prov151on ot'
excess remforcemerlt; Wy deﬁnes the shear amplification due to higher dynamic:
modes; and Vg is the shear force ‘co'rre‘sporiding. to elastic'_response. Although
Eqn. 5.1 may. be_d‘eed to relate the maximum feasible design shear force Vb to
the shez:lLr force Vi, which c'orres’ponds to the.development of ultimate moment,

‘the above fa_(itors'mu'st ‘be re-examined when assessment or retrofit of existing
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structures is considered.

The flexural strength computed by this program corresponds to the ideal
capacity of the colurhn which implies a strength reduction factor of ¢y = 1.
Instead of using the ACI [24] equivalent stress-block for the compression zone of -
the coluﬁm Isection, fhe ﬁéxﬁral strength is predicted using a diécretized section
described in Chapter 3. The cbnﬁnément of concrete core is taken into account
using a realistic confined concrete Iﬁbde] and the ultimate limit state of the
columr; is defined by a maximum’ compressive strain predicted from balance of‘
strain energies between concrete core and confining steel. Also the possibility
of flexural strengfh increase due to strain-hardening in the_ longitudinal steel is
accounted for. Thus the conservatism expressed by factor k, is unwarranted and a
value of unity is appropriate. Since the computer program models the transverse
response of the bridge structure as a single-degree-of- freedom oscillator, the value
of w, = 1 is implicit. Since the program is intend.ed for assessment purposes, k;

"also has the value of unity, and the only enhancement is that resulting from

material strengths possibly exceeding the assumed values. Hence
Vp=kV, (5.2)

where V,, = shear force corresponding to maximum moment predicted by COL-
RET. In the absence of information on the actual material strengths and rein-
forcement provided, a value of 1.15 is deemed satisfactary for possible shear force

enhancement.
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5.2.1 Columrr Shear- Strength'

The current ACI 318 Code [24] and NZ3101 Code’ [25] con51der the column ideal
shear strength VCOL to be the sum of shear forces carrled by the concrete shear
resisting mecha,msm VC, and a truss mechamsm, Vs, 1nvol\f1ng the transverse

reinforcement and 450 concrete compressmn struts ie.

v . V . v ) . N
_VCOL—V'FVZE—‘ L. (53)

where ¢, is the shear strength reduction factor. A ‘shear strength reduotion factor

of ¢, = 0.85 is recommended by the ACI 318 Code [24]; whereas NZ3101 Code
[25] oses gbs — 1.0 when the shear force is based on the cepacify design approach
indicated'in Eqn. 5.1. The term V, is also called the _’concre'te contribution’ to

the column shear strength.

[

5.2.1.1  ’As-built’ Columns

: E}Eoerimentai studies ‘by Ang et :al_[39]. have shoulfrl that the"j concrete contribu¥
tion, Vc,l irr c'ircular' oolr;mns are considerably higher than that allowed by current
‘cod‘evs e.g. ACI318 and NZSIGI ‘[24 25]. Code expressions for corlerete contri-
butlon V are typlcally based on tests of rectangular beams and are not repre-

sentatwe of bridge columns which generally contain well- dlstrlbuted longltudmal

reinforcement and s:gmﬁca.nt axial forces. Under- se1sm1ccond1t10ns the shear

resistance in the plastm hinge reglon may decrease as a result of excessive crack

‘opening reducmg the effectiveness of aggregate mterlock Desplte the reductlon '

the .concrete contribution V, to column shear strength may still be mgmﬁcant.
The current approach by most codes, however, ignores the ‘fconcrete contribu-

tion within the potential plastic hinge,region if axial compression is small. For
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example, the ACI318 Code [24] assumes V. = 0 in the plastic hinge regidn if
the axial compfession P 1s less than 0.05f. A, and the NZ3101 Code [25] has a
similar requirement for P < 0.1, 4,. Even though the concrete contribution V,
~ degrades under large column ductilities, the angle of crack inc.linat‘ion (relative
to the column longitudinal axis) tend to increase with column dispiacenients.
" The reduced crack inclination increases the column shear force to be resisted by .
the transverse reinforcement, V,, thereby compensating for the degradation of
concrete contribution Ve |

~ An assessment of ideal shear strength for circular columns under cyclic

loading was recently proposed by Ang et al [38]. The degradation of ideal col-

" umn shear strené;th Veoor with ﬂ;exural ductility factor z within the plastic hinge
region, is shown in Figﬁre 5.1. At low ductilities, for examplel U < 2, the col-
ﬁmn shear strength VGQL attains a maximum and is denoted by the initial shear
strength V;. At higher ductilities, the column ideal shear streng-th degrades lin-
early with p until a final shear strength Voor = Vp-1s attained at u = 6.

Full ﬂexufal response is assured if the design shear force Vp is less than or
equal to the final shear strength Vr. Otherwise an adjustment to the displacement
ductility factor p is made (Line 1 in Figure 5.1). The adjusted ductility factor
can be written as:

| Vi—Vp

p=2+4 (m) | (5.4)

In the region where 2 < p < 6, the column shear strength Voor is interpolated
from the displacement ductility factor (Line 2 in Figure 5.1). This level of duc-
tility can be maintained if the désign shear force is less than the ideal column

shear strength 1.e. Vp < Vgor- In cases where the design shear force exceeds the
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‘Shear Strength

Displacement Ductility Factor

Figure 5.1 Column.Shear Strength \}ersﬁs Displacemeht Ductility Fac- '

tor o

Shear Plane’

Elevation

,Figjufe 5.2: Shear St’reng‘th Contribution from S.t‘}eel Jacket



67

ideal column shear sfrength i.e. Vp > Veoor, the displacement ducti\lity factor is
reduced in accordance with the above equation. |

In the region where g < 2, the column shear strength Vgop is assigned the
initial shear étrength Vr. Limited duectility is implied in this region if the design
shear force is less than thé initial shear strength i.e. Vp < V;. Brittle shear
failure may occur if the design shear force exceeds the initial shear strength, i.é.,
Vb > VI

The initial shear strength Vi proposéd by Ang et al [38] is given by (in
U.S. Customary Units):

Vi=Ver+ Vsr : (5.5)

where the concrete contribution is:

3P
VCI = 4.45a;, (1 + W ) éer ‘ (56)

co*g
and the shear force resisted by the transverse steel, assuming a 45° analogous
truss mechanism, is:
' T d

Vsr = EAshfyhf | (5.7)

The 1nitial shear strength given by Eqn. 5.6 applies within the plastic hinge zone
for p# < 2, and outside the plastic hinge regions fér all ductility levels. The term
A, in Eqn. 5.6 ig called the effective shear area and is recommended by Ang et
al [38] as 0.84, where A, is the gross sectional area; and P is the factored axial

force occurring simultaneously with the design shear force Vp; and

a, = > 1.0 | (5.8)

M/VD
represents the aspect ratio of the column, and implies an increase of the initial

shear strength when the aspect ratio is reduced below 2. Sefting as = 1.0 and
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P = 0.0 in Eqn. 5.6 gives an initial concrete stress of.vc; = 445 !, which
is significantly higher than the familiar ACPD’s expression of I2 7 for concrete
‘contrlbumon [24] Even though the initial shear strength equation proposed by ‘
 Ang et al 38] was based on experunental testmgs of small d1ameter colurmns (16
" inches in diameter), the expression appeared to be supported by recent large-
_ scale shear column tests carried out at the_Umversﬁy of Cahforma,. San Diego
140]; | | ]

Ina similar manner, the final degraded shear strength of_ the c‘olurrin V}r
within the plastic ,hinge"region is written as the sum of theg concrete alrd steel
contribution: ‘ . |

Ve=Vor+Ver (5.9)
An increase in the-ehear reei,stance of the transverse reinforcement, however, can
'ocvcur as the concrete shear resisting mechanism degradee under large ductilities,
resulting in 1nclmat10n steeper than 450 for the d1agona1 compressmn field. To
account for the I increase in column shear strength due to steeper diagonal strut,
Ang et al [39] multiplied the initial shear resistaQrice of the ‘transverse_ steel by
' cot 8, where 8 denotes lthe inclination of the die,gonal strut relative to the column
longit‘udinal exis. U'eing a'lower bound solution in the fplastijcit'y theory, Ang et

~al [39] proposed that the inclination angle of the diagonal strut to be given by:

9=cot_1\/% > 25° . (5.10)

where the ¢ is termed. the meehanical ratio for the shear reinforcement, and is
given by [39]:

wl‘__‘ps_fyi

o, (511
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The factor v in Eqn. 5.11 is called the web effectiveness factor and.is introduced
to account for the reduction of the concrete compressive strength in the presence
of transverse tensile strain. Based on test results, a value of v = 0.2 was suggested
for the web effectiveness factor. Thus, the shear force that can be‘resisted by the

transverse reinforcement for p > 6 is given by:

Vsp = 7 A fynds /1 — Y < 2157 Agnfynds - (8.12)
. 2s P 2s

As implied by Eqn. 5.10, the inclination émgie for the diagonal compression strut

i

" is limited to 25°, thus giving rise to the factor 2.15 in Eqn. 5.12.

From the residual strengths measured at large duetilities for & seriés of
test columns, Ang et al [39] proposed that the final concrete contribution, Vgp,
be given by one-half of the initial concrete contribution when the transverse steel
“ratio is p, > 0.01. Otherwise, for psl < 0.01, it was proposed that the final
concrete contribution Vpr be given as a linear increase with p, [39]. Thus, the

final concrete contribution to column shear stréngth is:

Ver = 222.Tp,/ fl Ae < 2.227 1A (5.13)

5.2.1.2 Retrofitted Columns

The use of steel jackets in retrofitted columns shouid increase the shear strength
of the colﬁmn in the encased region. Figure 5.2 shows the shear resistance of a
steel jacket assgming a 45° failure plane and that the jacket is in a state of uniaxial
hoop stress. The failure plané will expose a tension resultant f,;t; tangential to
the steel jacket. For an infinitesimal jacket height, dz, the shear force resisted by
the steel jackgt 1s: |

dVs; = 2fyt;sinadz (5.14)
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In the coofdinatg system shown, the shear failure plane is given by z.= —y. Since,
Y= r' cos @ where ! = (D; —t;)/2, the infinitesimal height dz may be written

as: | 7
dz =r'sinada - (5.15) |

Substituting back into Eqn. 5.14 gives:

Vi = ] nyjtj}"sinz ada o . | (5.16)
0 - i '
Noting that

(5.i7)

the Shéar force resisted by the steelv-jackef is:
Vos = SfutilD; ~ ) - (5.18)

If the steél jacket is extended to the full height of th;e‘ ‘clc'>1ulmn,_ t'h_elgov- ‘

erning column shear sltren:gth will Be increased to: |
| Veor = Vi + Vi ‘ 5 | | (5.19)
whéré Ve = ﬁnall sh;aar strength giw‘fenrby' Eqn. 5.9. If howé\:(ér the steel ja,ckéf
does not extend to £he full height of the column, the.ideal shear stfength of the
column will be the lésser of VCOL = V} or Vp‘+ \Vsj. The shear é;trength above the’
steel jacket will be given ‘by the initial shear strength V; (Eqn. I5.5) whereas the
shear streggth' within the potential plastic hinge region of refj;roﬁt.tled célumn is
Ve Vs;. The létter vlvill govern when aﬁ inadequate jacket thi‘f:kness is provided.
By substitutiﬁg Eqn 5.18 into Egn. 5.19 and equatlinlé the design shear

force Vp to the column shear strength‘VCOL, an exf)ression for minimum jacket .
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thickness (¢)m:n to satisfy shear requirement may be obtained:

(t)min = 2 (Dj - \P - ﬂﬁi;—‘“) (5.20)







Chapter 6

Prediction of Column Response

6.1 General

This Chapter provides a comparison between the envelope curves of test columns
reported in [1,2] and theoretical predictions by the computer program COLRET
developed in this report. The comparison is divided into separate sections for

’as-built’ and retrofitted columns.
6.2 ’As-built’ Columns
6.2.1 Full-Scale Flexure Column |

The first example analyzed b.y the program COLRET was the full-scale (60" di-
ameter) flexure column tested by the National Institute of Standards and Tech-
nology (NIST) [2]. The column represented the current ductile design for bridge

columns. Table 6.1 summarizes the parameters foi‘ the test column which was

Table 6.1: Design Details for Full-Scale Flexure Column

Diameter D 60”
Height L' 30

Cover to Main Bar 4”
Concrete Strength fI, 5.2 ksi
Longitudinal Steel 25414
Yield Strength f, 68.9 ksi
Transverse Steel #5 Spiral at 3.5”
Yield Strength f,i. - 71.5.ksi
Axial Force : 1000 kips

72
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~ DISPLACEMENT (in)

Figure'6.1':< Hysteretié Response of Full-Scale Flex-ui'le‘ C(slumn - Ref. 2

subjected to an axial compression force of 1000 kips and a lateral cyclic dis-

placeiﬁént of increasing ‘,a.rr‘i'pljtudes- untii'felLi'-lﬁre of cqllilxﬁn. Fi’glére 6.1 shows the

‘hysteretic réspoﬁse of thel _coiumn. Détaiied descriptidﬁs of the ;full-sca;le test are
reportéd elsewhere [2] . - |

The analytic;'ml .re'sults prédictéd byvaOLRET are VSILIOWFI]-. in Table 6.2. The

3 prédicted elasto-plastic. yie‘ld‘displacement:for the column was :Ay = 4.211 inches.

T-ile repbrted experimenfql,yieldrdis‘pl\aceme‘nt wa,s‘howe\“re.r ozvl_ly' 3.53 inches and -

was low for two reasons; The deﬁ‘niti‘or.l,of ‘experiﬁlel;lf;é.l yield displ'acement was

. based on the ACI [24] estimation of the moment capacity (séé Figure 6.2) i.e. .
T R
, = A.xr . A (6.1

Where Aerp 18 the' experimen\tal‘di-s‘place'mént measured a-u't‘ 75% of the ‘ACI mo-

ment capacity (24]. The ACI method uses an ultimate concrete strain of 0.003
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Figure 6.3: Envelope Curves for As-Built’ Full-Scale Flexure Column
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and gives a fnoment capic‘it’y‘of 8041 kip.ft which is consi-d.e'rablyl smaller than
the actual exper‘ijmental niofnent .,ca.pvac:'l'ty .of 9643‘kip.ft. The nominal moment
capacity predicted by ‘COL‘RE,T Waé 9292 kip.ft; muéh closer to the measured
| ‘moment ca-pa.ci"cy;' It was also reported m[2] t'hat‘ ,bec'ause of the difficulties in
.measuring the frictional force b‘etwéép the column base and 'tést- floor, .fhe actual
lateral load é'pplied to thé colﬁmn may be under-estimated. It was sﬁggésted that ~
the experlmental yield dlsplacement be increased by 2%. Thus the corrected yleld

dlsplacement should be:.

9292
' = —_— 2
Ay 353x8041x10

" 4.16. inches

It can be seen thgt thé -yield' displécerﬁéﬂt prédic’:téd by COLRET is withiile%v
of the experimental valué |

Figure 6.3 shows a compamson of the envelope curve prechcted by COL-
RET and that reported in [2]. Two predictions are shown in the ﬁgure, (i) a
bilinear apprommatlon‘through the eqmvalenf ‘elasto-plastic :yiéldldispla,cernen.t
A, and the ultimate displacement A,, and fii) a curve fitted by cubic-spline
.through the first yield displacement A} and the ultimate displécément Ay, where |
the first yiei& displacement :is Al :-‘4.211' X 6890/9292 =3.122 inches. Figure 6.3
shows‘ a good prediction of the envelope cﬁrve by COLRET ;'or‘ both the initial
and post—yield_ load range. The ,ulltimate 'displaéem‘eﬁt predictéd by COLRET
was A”;, 14‘.8‘64 inqhes and sigqiﬁcantly ﬁnder-eétimafed thé ultimate displace-
men£ of the _tesf cphlmﬁ. The response of the test ‘columﬂ, sh(;wn in Fiéue
6.1, indicated a degraaatiox; of s.,trength‘of == 13% be'tweénlthje second‘and' third

cycle during the lateral displacement to 21.19 inches. 'Comﬁafed to this v‘alu'e,
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Table 6.2: Analytical Results for ’As-Built’ Full-Scale Flexure Column

* &k k k k A ok % & Kk k % Kk k k k *k H k kA *x Kk k K
UNIVERSITY OF CALIFORNIA SAN DIEGO
.STRENGTH AND DUCTILITY OF CIRCULAR COLUMN

VERSION 1.1 (MAR 1991)

L N O
% % N N N ¥ N

* F k ko k Kk k * ok k Kk % Kk k- k % h *k h Kk Kk ok X
JOB TITLE : NATIONAL BUREAU OF STANDARDS FULL SCALE FLEXURE COLUMN

ORIGINAL COLUMN PARAMETERS

e Jr de fe ok e o e o ok de e ot e e e ok o e b ok e ke

DIAMETER OF COLUMN : 60.000 in
COLUMN HEIGHT TO PT OF CONTRAFLEXURE : 30.000 ft
PLASTIC HINGE LENGTH : 38.958 in
COVER TO MAIN BAR : 4.000 in
MAIN BAR : #14
NUMBER 'OF BARS : 25 :
YIELD STRENGTH FOR MAIN STEEL : 68.9 ksi (H.S.)
ULTIMATE STRENGTH OF STEEL : 103.4 ksi
YOUNGS MCDULUS FOR STEEL : 29000.0 ksi
YIELD STRAIN OF STEEL : .00238
STRAIN AT HARDENING OF STEEL : .01188
ULTIMATE STRAIN OF .STEEL : .12000
. TIE SIZE : 4 5° (Spiral)
PITCH : 3.500 in
YIELD STRENGTH OF TIE : 71.5 ksi (H.5.)
CONCRETE STRENGTH : 5.200 ksi
CONCRETE ULTIMATE STRAIN : .017
COLUMN AXTAL LOAD : 1000.0 kips

RESULTS FOR ORIGINAL COLUMN
Rk wh kR kT kk kR Rk Rk Rk kN

ORIGINAL YIELD MOMENT
ORIGINAL ULTIMATE MOMENT

82678.9 kip.in
111510.8 kip.in

.00007228 Rad/in
.00009748 Rad/in

CURVATURE AT FIRST YIELD OF EXTREME REBAR
EQUIVALENT ELASTO-PLASTIC YIELD CURVATURE

ULTIMATE CURVATURE .00087721 Rad/in
CURVATURE DUCTILITY FACTOR =. 9.0

YIELD DISPLACEMENT = 4.211 in

ULTIMATE DISPLACEMENT = 14.864 in

DISPLACEMENT DUCTILITY FACTOR = 3.530 (FLEXURE)

**x*k LIMITED DUCTILITY #*#%%*

309.8 kips ( K1 = 1.000 )
1172.2 kips

MAXIMUM FEASIBLE SHEAR FORCE
IDEAL SHEAR STRENGTH OF COLUMN

U]
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COLRET under predlcted the ultlrnate displacement by about '30%, and was a
consequence of the use of Eqns 3.27 and 3.29 Wthh were 1ntended for the pre-
diction of ultimate compresswe strams in ax1a11y loaded columns The ultnnate‘
compressive strain predicted in this case was only €y = 0 017

It was pomted out earlier 3 that the prediction of ultmiate dlsplacement
can be 1mnroved by includlng the mﬂuence of strain- gradlent on the ultimate
concrete compressxve strain. Even though this feature has not been mcorporated
directly in COLRET, thel 1mprovement can be effected by 1terat1ng between the
laimi_ner analysis outlined in Section‘ 3.4.3 and .C‘OLRET uiit_:il ;convergence' of
the'ultimafe cbmpreesi\ie "etrain €, and ultinlate curvature ¢.. In this case,.the

ultimate com-pressive‘strain €cu converges to" about 0.033, with a corresponding

curvature of 0. 001649 rad/in, and an ultimate displacement of 21.06 inches. The =

predicted ultimate displacement mcludlng stra.in gradient effect exceeded the ac-
‘tual ultimatedisplacement of the column by about 27% end may be attributed
to the exclusion of the strain energy absorbed b}i ".Lhe longitddinal steel during
energy balancing process, resulting in over—prediction ‘of._'ultif-nate comﬁressive
strain, as discussed in _Seotion 3;4.2_‘and 3.4.3. | It should be not.ed i:hat the tensile
strain in the .extrerne_ longitudindl bar implied by the theoret‘ic'al ultimate curva- |
ture was ~ 5.4%, whereas the reported ultiméte strain of theﬂ iongitudinal steel .
was 15.5%: First ‘i:'racture of‘the transvefse spiral was reported io océur during
the second cycle to 21. 19 inches at about. 12 1nches from the ‘top of the footing
' where the transverse spiral was sphced resultmg in compresswn buckhng of the
longitudmal bar [2]. Subsequent re- stralghtemng of the buckled longltudinal bar

. upon load reversal prec:ipitated fracturing of the bar in tensmn at a strain lower

than the ultlmate.tensde strain. The failure mode was similar to the low-cycle
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fatigue fracture of longitudinal reinforcement observed for steel jacketed columns.

6.2.2 Column 3 - ’As-built’, No Laps

The second example analyzéd by COLRET was the 0.4 scale model of ’as-built’
circular bridge columns (test column 3) described in a.companion repdrt [1). The
test column was desiglned with 2.53% loﬁgitudinal‘reinforcement anchored by 90°
hooks into the footing. A transverse steel ratio of p, = 0.0017, corresponding to
#4 transverse hoops at 12 inches centers commonly provided in pre-1971 design,
was used for the test column. Detailed descriptioné of the design and test results
for the column can be found in [1].

Table’6.3 summarizes the analytical results predicted by COLRET for
the test column 3. It was reported that [1] the axial force applied on the column
increased with lateral displacements of the column, due to a net extension of the
column resulted from cracking in the column. The maximum axial force applied
on the column was 440 kips occurring at # = 5, and this value was used here for
the prediction of the column response.

The predicted elasto-plastic yield displacemlent by COLRET was A, =
1.081 inches and compared well with the experimental yield displacement of 1.082
inches. The prédicted ultimate lateral forcé was 47.8 kips; = "10% low compared
to the peak measured lateral fo;'ce of 53 kips (after cor?ecting for the horizontal
component of the axial force). It‘ should be noted that the predicted peak lateral
force did not occur at the ultimate compressive strain of €, = 0.0.09, but at
a lower strain. A peak lateral force of 51.5 kips was calcula,ted. for an extreme
concrete conﬁpressive strain of 0.004, giving a latefal ‘dis‘q‘)lac‘ement of 1.878 inches.

\ [

The peak lateral force in this case was determined by modifying the program



Table 6.3:‘ Anal_ytical Results for Column 3 - ’As-bﬁilt?, No taps

* k ok ok ok ok ok ok ok k k ok ok ok ok kk ok Ak ko ko ok
UNIVERSITY OF CALIFORNIA  SAN DIEGO
STRENGTH AND DUCTILITY OF CIRCULAR COLUMN ;

VERSION 1.1 (MAR 1991)

* % Ok k% F Wk kN
L B N B N B

ok ok ok ok ox A% Bk Rk xR Ak w * % *.*'* *
JOB TITLE : SEISMIC RETROFIT OF BRIDGE COLUMN - COLUMN 3|(14 Feb 1989)

ORIGINAL COLUHN PARAMETERS
kkkhkkhk Rk hhkhk kb kR hkkhh

. DIAMETER OF COLUMN : 24.000 in
COLUMN HEIGHT TO PT OF CONTRAFLEXURE : 12.000 £t
PLASTIC HINGE LENGTH : ~ 16.020 in
COVER TO MAIN BAR : .800 in
MAIN BAR: ) %6
NUMBER OF BARS : . 26 !
YIELD STRENGTH FOR MAIN STEEL : 45.7 ksi (Mild Steel)
ULTIMATE STRENGTH OF STEEL :  68.5 ksi - -
: YOUNGS MODULUS FOR STEEL : '29000.0 ksi
- YIELD STRAIN OF STEEL : .00158
STRAIN AT HARDENING OF STEEL : .  .02205
ULTIMATE STRAIN OF STEEL :° .16205
TIE SIZE - i 2 " {Hoops)
_ "TIE SPACING : - 5.000 in .~ !
YIELD STRENGTH OF TIE : 51.0 ksi . (Mild Steel)
' CONCRETE STRENGTH : 4.725 ksi \
CONCRETE ULTIMATE STRAIN : ~ .009 1
‘COLUMN AXIAL ILOAD @ 440.0 kips

'RESULTS FOR ORIGINAL COLUMN
***i****""***********i’******

6144.2 kip.in '
6889.9 kip.in .

cot

' ORIGINAL YIELD  MOMENT
ORIGINAL ULTIMATE MOMENT

.00013941 Rad/in
.00015633 Rad/in

' CURVATURE AT FIRST YIELD OF EXTREME REBAR
EQUIVALENT ELASTO PLASTIC ¥IELD CURVATURE

ULTIMATE CURVATURE 00097442 Rad/in
CURVATURE DUCTILITY . FACTOR = 6.2

YIELD 'DISPLACEMENT. = . 1.081 in

ULTIMATE _ DISPLACEMENT =  2:922 in , :
DISPLACEMENT DUCTILITY FACTOR =  2.704 (FLEXURE)

~ #a#* LIMITED DUCTILITY *#***

ﬁAXIHUM,FEASIBLE ‘SHEAR FORCE

47.8 kips { K1 = 1.000 )
IDEAL SHEAR STRENGTH OF.COLUMN By

. 171.1 kips
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Figure 6.4: Envelope Curve for Column 3 - 'As-built’, No Laps

COLRET to allow a direét input of the ultimate concrete compfessive strain.
The ultimate displacement predictéd by ICO.LLRET for column 3 was 2.922
inches, whereas the test column showed an experimental ultimate displacement
of 4.328 inches (p = 4), corresponding to incipient buckling of the longitudinal
reiﬂforcemént. Thus COLRET under-predicted the ultimate displa-cement by
about 32%, and was again due to the use of Eqn. 3.27 and 3.29 intended for
the prediction of the ultimate compressive strains in axially loaded columns.
The corresponding ultimate compressive strain predicﬁed by ICOLRET Was €, =
0.009. The prediction of the ultimate displacement was subsequently improved |
by iterating betw;veen .the laminar analysis for strain-gradient effect and COLRET,
as was carried out in pre{/ious example. The ultimate compressive strain e, in

this case, increased to about 0.0156, with a corresponding lateral force of 44.3
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kips, a curvaturej of 0.00156 ra.d/i_n,. and an ultimate displacément prediction of
. 4.463 inche‘s ‘The improved ultimate displacement exceedeel the experimental

ultimate dlsplacement by only 3% |

Flgure 6.4 shows the comparlson between the predlctlon by COLRET

and the experlmer;tal envelope curve reported n [1] Slmllar to the previous
example, two predictions were included in Figure 6.4: (1) abi-lihea.: app;eximation
‘throu‘gﬁh the equivaleﬁt‘.elasto-plastic,yiel'd‘ displacement A, and the ultimate
: displacementl Au, ‘and (ii)ra cubic spline fit through the fellbwing points (a)
.ﬁrst y1e1d lateral force of 42.7 l\lpS at first y1e1d dlsplacement of Al = 0.964

inches, (b) the peak lateral force of 51.5 kips at dlsplacement of 1.878 1nches
() the lateral force of 47.8 kips at dlsplacement of 2.922 1pches, and (d) the
‘lelltimate lateral force of 44.3 ki?s at ‘displacement of 4.463 inches. It can be
_ seeﬁ from Figufe 6.4 thet a reasonable r_epreéentat’ien of the colemn response
was achieved by‘both predjctions even though the expe\rim‘ent‘al response showed
@ less rapid degraaetion ‘of latefal strength compareci te -t‘h'e‘ theoretical strength
after dlsplacement to u > 2 It was reported in [1] that the test column exhibited
a larger experlmental lateral strength in the pull d1rect10n tha,n in the push

dzrect}on.

6.3 - Re.troﬁtt'ed Columns’ | |
16.3.1‘, | Columﬁ 4 - No ’Laps _ o

‘Table 6.4 and 6.5 surnmall"izes the analytical predietien's for test ‘column 4 re-
| ported in [1] before andl after retrofitted with a steel 'jackef .Experirnentally,

the test column showed a larger moment capa,(‘.lty in the pull direction than in

the push d1rect1on The maximum measured lateral forces, after correctlng for
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rFigure 6.5: Moment-Curvature Curve for Column 4 {No Laps)

the horizontal component of the applied axial force, were 61.8 kips in the push
direction and 67.1 kips in the pullld‘irection. A shear force of 55.5 kips corre-
sponding to the plastic moment, and a shear force of 68.5 kips corresponding to
an ‘ultimate compressive strain of ¢, = 0.04 were predicted by COLRET for the
column after retrofit. The maximum feasible strength was 6% larger than the
average experimental shear force of 64.5 kips. The equivalent elasto-plastic yield
displacement predicted by COLRET was Ay, = 1.046 inches, and agreed well
with the measured yield. displacement of 1.084 inches.

An ultimate displacement Cof 9.764 inches was predicted by COLRET for
the column after retrofit whereas .a l'ongitudinal bar fractured during the third
push cycle to a peak displacemént of 8.672 inches. Mo_ment-curvature analysis
carried out at the base section of coiumn 4 indicated the limit state was governed

By the ultimate compressive strain of concrete and by not the strain in the tension



- Table 6.4: Analytical Results for Column 4 (No Laps)

(a) Before Retrofit

N

VERSION 1.1 (MAR 1991)

% B RN NN

* * k k Kk k * * * & Xk * * * k k & h

UNIVERSITY OF CALI?ORNIA ‘ SAN DIEGO

STRENGTH AND DUCTILITY OF CIRCULAR COLUMN

% * k % *x k k k k * * *x X X ® Kk k * %k % * x w

#*l*i**l

* * L

- JOB TITLE : SEISMIC RETROFIT QF BRIDGE COLUMN‘- COLUﬁN 4 (5/15/89)

ORIGINAL COLUMN PARAHETERS
TIPS T T P ST L)

in

) DIAMETER OF COLUMN : 24.000
COLUMN HEIGHT TO PT OF CONTRAFLEXURE : . '12.000 ft -
" PLASTIC HINGE LENGTH : - © 16.020 in
COVER TO MAIN BaR : . .800 in’
* MAIN BAR : . ¥ 6
NUMBER OF. BARS : ‘ 26 ,
YIELD STRENGTH FOR MAIN STEEL :’ 45.7 ksi ' (Mild Steel)
ULTIMATE STRENGTH OF STEEL : 68.5 ksi '
YOUNGS MCDULUS FOR STEEL : 29000.0 ksi
YIELD STRAIN OF STEEL : - .00158
STRAIN AT HARDENING OF STEEL : | .02205
ULTIMATE STRAIN OF STEEL :. .16205
., TIE SIZE : . # 2 ' (Hoops)
IE SPACING : £ 5,000 in |
YIELD STRENGTH OF TIE : . 51, o k51 "(Mild Steel)
CONCRETE STRENGTH : ' 5.520 k51;
CONCRETE ULTIMATE STRAIN : . .009
COLUMN AXIAL LOAD : 400,0 kips -

RESULTS FOR ORIGINAL COLUMN

(AR R T 2 E R R ER IR LS EL XL R T2

6040161kip.inr‘-
6965.1 kip.in

ORIGINAL YIELD . MOMENT
. ORIGINAL ULTIMATE MOMENT

CURVATURE AT FIRST YIELD OF EXTREME REBAR
EQUIVALENT ELASTO-PLASTIC YIELD CURVATURE

ULTIMATE o CURVATURE =

CURVATURE DUCTILITY " . FACTOR.= 6.
" YIELD - DISPLACEMENT =  1.057 in

ULTIMATE DISPLACEMENT = 2.987 in

DISPLACEMENT DUCTILITY FACTOR 2.826
exkx [TMITED DUCTILITY *%+*x

MAXIMUM FEASIBLE SHEAR FORCE
'IDEAL SHEAR STRENGTH OF COLUMN

165.2 kips

.00013259 Rad/in

.00015288 Rad/in
.00101044 Rad/ln
6

_:(FLEXURE)

48.4 kips ( K1 = 1.000 )
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Table 6.4: Analytical Results for Column 4 (No Laps) - Cont’d

(b) After Retrofit

RETROFIT COLUMN PARAMETERS
o 3 e 3 de v dc i e 0 dp e e Je o g v ok ol ok v gk ok

OUTSIDE DIAMETER OF JACKET
THICKNESS OF.JACKET

LENGTH OF JACKET

JACKET TOE FROM FOOTING
YIELD STRENGTH OF JACKET
GROUT COMPRESSIVE STRENGTH
ULTIMATE COMPRESSIVE STRAIN

PLASTIC HINGE LENGTH

24.

875 in

.188 in .

48.
1.

47.
2.

10.

RESULTS FOR RETRCFIT COLUMN

bk dkdkbkbhtkdhhdhdkkbbhrdrid

YIELD MOMENT
PLASTIC MOMENT
ULTIMATE MOMENT

CURVATURE AT FIRST YIELD OF EXTREME REBAR
EQUIVALENT ELASTO-PLASTIC YIELD CURVATURE

§005.7. kip
7988.3  kip
9868.8  kip

000 in
000 in

000 ksi
000 ksi
040

000 in

.in
.in
.in

.00013389 Rad/in
.00017809 Rad/in

CURVATURE AT  ULTIMATE CONDITION .00643418 Rad/in
CURVATURE DUCTILITY FACTOR = 36.1

YIELD DISPLACEMENT = 1.046 in

ULTIMATE DISPLACEMENT = 9.764 in .
DISPLACEMENT DUCTILITY FACTOR = 9.337 (FLEXURE)
PLASTIC SHEAR . FORCE = 55.5 kips

*hkk INADEQUATE JACKET LENGTH #**%*

*%%% INCREASE JACKET LENGTH TO

MAXIMUM FEASIBLE SHEAR FORCE
IDEAL SHEAR STRENGTH OF COLUMN'

48.834 1in wx*%*

68.5 kips ('Kl = 1.000 )
195.3 kips : ‘



“Table 6.5: Moment-Curvature ‘Results for Column 4 (No Laps)

!

MOMENT CURVATURE ANALYSI‘S "FOR RETROFIT COLUMN
T s s e e e T R T I R R P S I LT R T T

JOB TITLE : SEISMIC RETROE;‘I‘T OF BRIDGE COLUMN - COLUMN 4 (