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Chapter 1
" 'Introductibn | |
1.1 Backgrouﬁd

- The San Fernando earthquake of February 9, 1971 caused extensive damage to ?L '
large number of highway bridées in the vicini'.oy of fault rupture. More than forty
bridges were affected including total collapsé. of five newiy constructed bridges
[1,2,3].. The eartinéuake was ratled at a Richter mé,gnitude of 6.6 which most seis-
II‘l‘O].OgiStS would co‘nsider‘ 2 moderate event. The widesbread damag‘e,-“however,
demonstrated the vulnerébility. of bridge stru;:tures to earthqﬁakes and forcéd K
. brid‘ge"lengineers :to reassess their design philosophy. Substantial modifications to
bridg;e design criterié wér,e soon adopted in California. Design factors Weré‘intro-
duced to incllude regional seismicity, dynamic characteristics of bridges, influence
of undérlying‘site soils on bridge :response, and tklhe. possiblle reduction of -elastic
forces for ductile Vstrpct,ural ‘sy's‘temls 4,5]. -

Résearch >iknterest in seismic pérformqnce of bridge structures was height-
~ ened after the earthquai{e.‘ International eﬂ'orté w_er;a madé to improve analytical
techniqges‘for predicting the inelastic resppns‘e. of bridges when subjected to
strong gl;ourid shaking, and to gather basic data on the strength and déforma—
tidn characteristics of the 1o§.d resisting mechaﬁisms in bridges. In the United
Sfates, reséafch emphasiélwas pr-irﬁarily directed towards thé development of so-
phisti,cated time-history analysis techniques. Experimental research was mainly

pursued as a mean of verifying the analytical‘techniques'.?



Parallel to the analytical de\{elqpmept in the United States, a comprehen-
sive research program pertaining to the strength and ductility of bridge columns
was carried out at the University of Calnterbury, New Zealand, under the spon-
sorship of the New Zealand Roads Board. The research program, spanning over
fifteen years, produced detailed inforn;ation on the flexural streﬁgth and ductility,
.and on the shear strength, of both reinforced concrete columns é,nd steel-eﬁcased
concrete piles [6] Parf,icular emphasis was placed on qﬁantifying the influence
and eﬂ“eétiveness of lateral confining steel in the plastic hinge regions of the
columns for increasing ductility. Well conﬁﬁed columns were shown to develop
stable hysteretic reéponse up to displacement ductility factors of 4 > 6. The
findings were supported by recent testsl on full-scale bridge columns [7].

While the new design guidelines are conéidered adequaﬁe, there is an
urgent need for miti'gating the seismic risk associated with the older bridges stlill
in service. Although’ column failure was recognized as a major problem after
the 1971 San Fernando earthquake, the greatest risk was assessed to be due
to inadequate connection between adjacent spans of the superstructufe across
movement joints. Consequently, a ’majo; reﬂroﬂt pfogram was undertaken by
Caltrans to install restraining devices across movement joints to reduce the risk
of span collapse when excessive relative movement occurs [8,9,10]. A total of 1250

bridges were retrofitted in California and the program was recently completed in
1988 [11]. |

The recent shear failure in the columns of the 1-5/1-605 Separator ‘(ama;-

jor freeway overbass) during the Whittier Narrows earthquake of October 1, 1987

[12,13] and the tragic collapse‘of the Cypress Viaduct, and other bridge failures,

during the Loma Prieta earthquake of October 17, 1989 [14] re-emphasized the



inadéquacies of the prellgfl désign and the urgent neéd to upgrade the seismic
- resistance of older bridge sﬁbstructures.‘ | )
‘The structural deficiencies inherent in many of the older bridge substruc-
tures can be categoffzed as follows: |
Inadelqluate Flexural St;ength: Lateral force coefﬁéi_ents ‘for‘ seismic design
wefé typically about 6% in pre-1971 design and are comparatively low by the
current- standard. Although‘ the use of elastic design generally resulted in the
‘actual flexural étrength being significantly higher than that required by the as-
sumed lateral forc;e, low lateral flexural designlstrength results in high'po{;enfiﬂ
ductilif;y demand in many caé.es.
_ Undependableq Flexural Strength: In ma.ny of the tall bridges desig-ned ﬁsing
the pre-1971 guideline, the column longitudinal reinforcement was splﬁced with
- starter ba;é extending from the fo;)ting with a lap length of 20 times the bar
diameter. This lap length is insufficient fér developing the yield strength of the
lqn‘git\ud_inél‘ Bars_eépecially when large diameter balrs are invOllved". A;s a ‘conse—‘
quence, the flexural strength degrades rapidly ﬁn‘derl cyclic loads. Occasli.o.nally,
the (:(.)lumn longitudinal reinforcement was extended stréight into the footing,
' ‘oflp‘ilgycap without 90 degree hooks. Such details allow pulling out of column
' r\e.inforcernent when sub;jecte(i to large intensity seismic load reversals [1].
Inadequate ‘]_F‘lxexural Ductility: Bridge columns designed before the 1971 San
Fernando eé,rthquake typically cqntain insufficient transvgrse reinforcement. A
COmMmon provision for both circular and rectangﬁlar columns involved the usé
of~ #4 transverse 'perilphe_ralf hoops placed at 12 inches cénlters‘ regérdless of the
‘ colu’mn‘sectiqn dimensions. These hoops were often closed by lap-splices in the

cover concrete, instead of being lap-wélded or anchored by bending back into the



(>4

core concrete. As a result, the ultimate curvature developed within the potential
plastic hinge region is limited'by‘the strain at which the cover concrete begins
to spall which is typically in the range of 0.005 strain. At higher longitudinal
strains the hoop steel unravels and the meager amount of confinement provided
by the hoops becomes ineffective.

Inadequate Column Shear Strength: Conservative flexural desigﬁ, using
elastic methods coupled with less" conservative shear strength provisiéns of the
1950°s and 1960’s, typically resﬁlts in the Iactual ﬂgxural strength of short columns
exceeding their actual shear strength. Inadequate anchorage of the transverse

reinforcement in the cover concrete compounds the problem. As a consequence,

- the probable failure mode for shorter columns involves brittle shear failure with

low ductility and energy absorption characteristics.

. Footing Failures: Pile caps and footing in older bridges are often provided

with only a horizontal layer of reinforcement in the bottom region of the mem-
ber. Top steel and shear reinforcement were considered unneéessary and were
routinely omitted. Such practice may be attributed to the use of elastic de-
sign which assumes full gravity load during the éeisrﬁic event' while concurrently
prescribing meealistically low values of lateral seismic forces, corresponding to

specified working stress levels.

‘Joint Failures: Joint regions either between column and footing or between

column and bent-cap beams are subjected to very high shear stresses during a
severe seismic attack. These regions traditionally have not been designed to resist

this high level of seismic shear stresses.

‘Abutment Failures: The transverse response of the bridge structure may cause

severe pounding of the superstructure on the side-walls of bridge abutments. The



lateral restraint and shear keys i)rovided Iin the abutmerrlt‘ were oftén ineffective
agaiﬁst the superstrﬂcfure span from sliding off the abutmenf,.= Dé.m_z_aag‘e ‘résﬁlting
‘ .from bridge pounding on ‘the abutment under longitudinal seismic response is -
Ialso cémmon.

Although most of the a,bqve desié;n deﬁcien‘ciesr haﬁe been rectified in cur-
rent seismic codes and should no longer, affect new bridge design, the gonditions
of many Qld bridge columns built befofe the 1970’s.is a cause for major concern.
The expeﬁmental work described herein.‘ is the basié for the seébnd phase of the
Caltrans fetroﬁt ‘progr.am in which retrofit of deficient circular ﬂexural coluxﬁns

by steel jacket are ifnp-lemented. -
1.2 ‘Confinement of Columns by Steel Jackets "

Current seismic design philosophy r’eqm:res the prorvisionlof a mi-nimulm' lateral
strength in the structure so that thé s;'lcruclture can remain es'slentiélly elastic iﬁ
cases of moderate "-earth'qua.keé of frequent occurrence, and aﬁ ,z;.SSura.nce of a
ductile behavior so ‘th‘.at large deformations into the inelastic Tange can occur
without collapse of the structure during the maximum, crediBle‘learthqtiake (15].
'The requirement for dpctile behavior duriﬁg a severe earth‘quak'e'arises fI‘Oﬁll the
fact that the maximum ;cspénse acceleration of an éIastic ‘syst‘em ma}‘f.be sev-
eral times the rnaximum ground 'acc‘:ele‘ration, depending on. such factors as the
stiffness and dampiﬁg of the structure. For economic reasons, St;‘uétures are not
désigned to res.ist‘ the full elastic inertial force vinduced by the maximum credible
'~eart}.1quake,‘but are designed to a reduced force level‘ and detdiled for ductility
in the critical members to ensure adequate inelastié displacement capa;:itly in the

structure without significant degradation of strength [16]. For bridge structures,



preferred locations of inelastic deformations are in the pier regions because of the
difficulty associated with providing ductility.in the superstructure. The current
seismic design qf bridge columns relies on proper confinement of the potential
plastic hinge regions by closely-spaced transverse hoops and spirals. Such provi-
sions allow the ultimate compressive strain to be increased from a value of about
0.005 in unconfined concrete to a value which may be 0.03 or higher in confined
~concrete. The increase in ultimate compressive strain significantly enhances the
ductility capacity of the concrete section.

Various retrofit methods have been advanced to enhance the flexural
strength and ductility of deficient bridge columns [17]. Ordinary reinforcing
hoops of 0.5 inch diameter placed at 3.5 inches centers and tightened at two ends
using specially designed turnbuckles was an early suggestion as a possible mean
- of increasing the transverse confinement reinforcement. A similar approach, but
using 0.25 inch diameter ﬁrestressing wire wrapped under tension app;eared to
be a feasible alternative, although problems were foreseen with secure anchorage
of the prestressing wire in order to maintain effective confinement to the existing
concréte. |

An alternative, and potential]y more -cost-effective method of retrofit
could be achieved by éncasing the deficient columns at the critical regioﬁs using
site-welded cylindrical steel sleeves or jackets. The jacket is introduced slightly
oversize for ease of construction and the gap between the column and jacket is
pressure—inject\ed with a cem;:nt-based gr‘out. The jacket 1s terminated slightly
above the cr‘iti'cal section at the column base to avoid additional strength en-
hancement resulting from end-bearing of the sléeve on the footing when in com-

pression. Figure 1.1 shows conceptually the application of steel jacket as retrofit
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in a circular bridge _colurhn. Although not shown in Figure 1.1, consideration
of the longitudinal response might necessitate the use of é, steel jacket in the
upper région of the column. The basis for the development of this approach was
the excellent ductile response of steel-encased concrete piles tested by Park et al
[18,19,20], as illustrated by the example in Figure 1.2.

An enhancement in the flexural strength of the column can be expected’
since an increase in the cbncreté cofnpressive strength will result from the con-
fining action of the steel jacket. Mander et al [21] recently proposed that the

increase in concrete compressive strength in the presence of lateral pressure may

7941 2f! c
flo= Fl(2.2544/1+ —,f’ — i — 1.254) (1.1)
’ co co

where f/., f!, are the confined and unconfined compressive strengths of concrete,

be written as:

respectively, and fi is the effective lateral confining pressure exerted on the core
concrete by the confining steel at yield. More importantly, a substantial increase
in the duct.ility of confined c‘oncrete can be achieved with moderate amounts of
transverse reinforcement. An ultimate compressive strain exceeding 0.03 can be
developed in well confined concr.etg. The enhancement of compressive strength
and ductility of concrete under confined condition is illustrated in Figure 1.3.
Even though Eqn. 1.1 was proposed for sections confined by internal
reinforcement, its apf)licafidn to stéel jacket retrofit can be made by rewriting
the expression for the lateral pressufe. The lateral pressures can be obtained from
the equilibrium of internal forces aéting the dissected sections shown in Figure

1.4. For the cover concrete and grout, the equilibrium of forces at yield of the
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Figure 1.3: Confining Effect on Compréssive Response of Concrete

jacket requires:

. 2f,;

! | ' fi;= ——(Djfij 2th) (1.2)
where f/; is the ldterai pressure acting on the cover concrete; D, and t; are the -
outside diameter and thickness of the jacket, fespectively; and f,; is the yield
strength of the steel jacket. By deﬁning a confining ratio for the steel jaéket as:

4t ;-

; | .
o = —— 1.
Psj Dj'— Qtj ' ‘ l ( 3)
Egn. 1.2 may be written as
: L _
fi = 5pssfui o (1.4)

By substituting f; = f/; into Eqn. 1.1, the enhanced compressive strength of

cover concrete can be determined.
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For the concrete core, additional confinement is provided by the trans-
yérse steel. The additional lateral pressure, f[h,‘may also be determined from the -

equilibrium of forces, assuming yield of the transverse steel i.c.

fyhAsh

S (L5)

Ih—Qk

' where ds ‘is the diameter of concréte cor;é defined alpng the centér’hline of transverse
steel; s is the verti(:ai spacing of the transverse steel; f,i.is the yield s‘trerigth of
~the transverse reinforcement; A is thé cro'ss-secltiéﬁal area of transverse steel.
The paraméter k, is termed as the coﬂﬁnement effectiveness coefﬁcient_‘ and is
defined as:

(16)

:]%

folo]

~ where A, = a;r‘ea of an effecti.vely:conﬁned 'con;:rete' core (see Figure 1.5) and
A = A1 -Ip‘cc); Pec - .ratio of area of l'origitudin.al reinforcenllenf to cote area

" of the section A,‘c: Thé substitution of f{ = fi; + fi,, into Eqn’ 1.1 will allow thev
~ enhanced compres's,ivé.strength of the core concrete to be determined.

In a,ssessi‘ng the inelastic displacement capécity of ductrile‘ columns, a re-
alisfi_c estimation of the ultimate cofn_pressive strain, iec"u, must be made, It has -
been proposed [21] that ec; be defined as the longitudinal compreési%xe strain when

first fracture of the transverse steel occurs. The additional ductility ‘in'_cénﬁned
c'oncrete-is provided by the strain en‘e'rg;y capacity Qf the .transverse reinforce-
ment. By equating the work done -on the confined 'conértallte 'ana longitudinal
| remforcement when in compressmn to the a\;'a,lla.ble strain energy capaaty of the
‘-transverse re1nforcement a value for €.y THAY be‘ estimated. The approach has
resulted in the reasonably accurate prediction of €., [22] |

The steel jacket is expected to enhance the ultimate concrete éomprés-
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Arching Action Between Hoops

Figure 1.5: Definition of Confinement Effectiveness Coefficient

sive strain in a manner similar to that of the confinement provided by internal
transverse reinforcement to the core concrete. The energy balance method may'
therefore be extendéd for the prediction of €., for concrete confined by a steel
jacket.

For simplicity, let us consider the enhancement of ultimate compressive
strain in a column of concrete encased by a steel jacket. The energy density
required to change the concrete from an unconfined to a confined state is given
by the shaded area between the stress-strain curves of the unconfined and confined

concrete, as shown.in Figure 1.3. The shaded area may be written as:
Ay = Y1fic(€cuw — €sp) (L.7)

- where €sp = the spalling strain of the unconfined concrete; f;, = the compressive
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Strain

Figure 1.6: Stress-Strain Curve for Steel Jacket

strength of confined qonéfete defined by Eqn. 1.1; and ~, denotes the coefficient
of integration which depends on the shapé of the stre%s-strain curves of both
. confined and unconfined concrete.. '

The strain energy cé.pa,city of the steel jacket ,‘. as given by the ar;ea under

the stress-strain curve in Figure 1.6, may be written as: .
B N ¢ £
where f,;, €5, are the yield stréss and ultimate strain for the steel jack_‘et,‘respec- ,
tively; and -y, is the coeflicient of integration which also.depends on the shape of

“the stress-strain curve for the steel jacket. _

The balance of strain enérgies between concrete and steel jacket reqﬁires:

,A'Ylfcc(ecu - ESP)Z(DJ - Qtj)z 2‘72fvjﬁsuj(D,i — 1)t (1.9)



14

which reduces_ to

. ety #(Di—t)
6cu - Esp + 4 Esu_g_‘(D]_ _ 2t])2

cc

(1.10)

For practical application, since the thickness of the jacket will be small compared
with the diameter i.e. t; K Dy, we fnay write:

4t;,(D; ~t;) | 4,
(D;—2t,)?  D,—2t; '

(1.11)

where p,; denotes the confining ratio of steel jacket defined in Eqn. 1.3. Thus
the limiting concrete compressive strain e, for encased concrete may be written

as. .
L2 fu
T fi

For example, the retrofit of a 60 inch diameter column with a 1/2 inch

€cu = Esp €sujPsj o : (1.12)
thick jacket (D; ~ 62 inches and f,; = 36 ksi) would provide a confining ratio
of p;; = 0.033. The a;railabl.e lateral pressure from the jacket from Eqn. 14 is
fl; = 890 psi. If a concrete strength of f/ = 5000 psi is used, the corresponding
confined compressive strength f!, from Eqn. 1.1 would be 8230 psi. Numerical
integration of the stress-strain curves for ccncre;ce and typical steel for the jacket
(A36) would provide a ratio of v/, of about 1.4. Assuming the ultimate tensile
strain of the steel jacket as €,,; = 0.20 and the spalling strain of unconfined
concrete as €, = 0.005, the ﬁltima’ce compressive strain would be ¢, = 0.045
which is nine times larger than the spalling strain of unconfined concn.ate.

It should hoﬁever be noted tl{at in order to develop the increased ulti-
mate concrete compressive strain, a corresponding incfease in the extreme tension
steel strain must occur. A possible limit state then exists.in which the behavior

of retrofitted column may be governed by fracturing of the longitudinal steel.

Large inelastic load reversals can cause serious reduction of the fracturing strain;
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a phenomenon associated wi£h low-dycle fatigue of metal. The rédticti‘on‘ in frac-
turing strain may result in\. a smaller lcyclic displacefnel_lt ductility factor :than
that implied by the ultimate compressive strain.

| In. addition to providing confinement to tl‘-Le concrete, the steel jackéf was
“expected to be effective in resisting ‘a‘portion- of 'the total column sheéu; force
- 1n the éotential plastli_c hinge region. Figuré 1.7 shows the shear resistancé of a
steel jacket assuming. a 45° failﬁ:e plane. The f.a,ilu“re plah¢ will eﬁpose a tension
resultant f,;t; tangeptial to the steel jacket. 'Fbr an infinitesimal jacket height .

dz, the shear force resisted by‘ the steel jacket is:
‘ stj._z ‘2fy_,-rtj sin o dz ‘ s (113)

In-the coordinate system shown, the shear failure plane is given by z = —y. Since
y = r'cos a where 7' = (D, — fj)/2, the infinitesimal height dz may be written
" as:
dz = r'sin o de | (1.14)
Substituting back into Equ. 1.13 gives:
. - - ' v | .
‘ .Vsj = / nyjtjr' sin2ada ' (1.15)
. . 0 o '
| No‘-ting‘t.hat ‘
N aa i 2 . T } .
da = = : 1.16
/Olsm ada = | _ (1.16)

the shear force resisted by the steel jacket is:

) | |
Vg =Shti(Di=t;) (1.17)
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" In ﬁultistory buildings where it 1s often desirable to splice the column
~main reinforcement at the story. 1e§e1, the lap-splices can be designed to.as-
sure satisfactory performance in the member provided that extensive yielding
of spliced bars is carefully avoided [23]. Such conditions in rﬁultistory building
can be achieved by adopting capacity design principles [24] in which the columns
are designed for reserve streﬂgth to resist the maximum moment input expected
from i)lastic hinging in the adjoining beams. Hov‘vevér, the need to form plastic
hinges in the columns instéa,d of the superstructure means that the lap-splices
of the longitudinal reinforcement in the plastic hinge region of bridge columns
are subjected to more severe stresses and deformations under the design earth-
quake than are building columns. The current Caltrans approach [25] has been to
avoid lap-splicing of the main reinforcement in the potentia;l plastic hinge region
of bridge columns even though experimental testing have shbwn that lap-splices
can be safely designed to sustain high-intensity cyclic loads with at least 15 or
20 excursions into the inelastic range [26]. The primary consideration for a sat-
isfactory performance in the lap-splices in the plastic hinge region under‘seismic‘
loadsi is the provision of closely-spaced, uniformly distributed transverse steél.
Figure i.8 éhoWs the potential splitting cracks associated with overlap-
ping parallel bars. The transverse steel is seen to provide a clamping force acréss
the crack, thereby enabling a shear friction mechanism to transfer forces from
one spliced bar to another. By assuming that the clamping force required is equal

to the yield force in the longifudinal steel, the transverse steel spacing, s, can be

shown to be [23]:
. o = Asnfinls

o (1.18)
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18

where A,; = transverse steel area; A, = longitudinal steel area; f,, = yield
strength ‘of transverse steel; f, = yield strength of longitudinal steel; and I, =
length of lap-splice. For example, consider the splicing of #14 bars in proto-
type bridge columns with a lap length of I, = 20d,. If #4 bars are used for the
transverse steel and have the same yield strength as the longitudinal steel, the
transverse tie spacing required by Eqn.‘ 1.18 is 3 inches. The pre-1971 provision
o'f‘#4 bars at 12 inches centers for transverse steel is therefore unlikely to be ade-
quate for development of the yield strength in the‘longitudinal reinforcement. [t
should also be noted that the approach déscribed above may be Inon-conservaltive
as a result of overestimating the c;)nﬁning férce transmitted across the poten-
tial splitting crack. The presence of a steel jacket, however, would increase the
clamping force, thereby improving the bond transfer and possibly inhibit the
vbond failure at the lap-splicés. A more detailed aésessment of the mechanism of
splice failure has recently been ﬁroposed by Priéstley and Seible [27].

Although steél encasement of concretel columns has not been previously
utilized for new or retrofitted bridge columns in the United States, there is some
‘relevant applic.;;mtion elsewhere [28,29]. . Recent Japanese earthquakes (Miyagi-
ken-oki earthquake in 1978 and Urakawa-oki earthquake in 1982) caused brittle
failures in a number of bridge piers with 50% termination of the main reinforce-
niént at mid—heighf; Fully epoxy grouted steel jackets were introduced to increase
the effective longitudinal reinforcement area and to improve shear resistance in
the cut-off regions. In circular columns, the jackets were of relatively large diam-
eter to thickness ratio (410 > D;/t; > 580). Even though experimental testing
‘had verified the adequacy of steel jacket encasement o.nly in the zone of termina-

tion of longitudinal reinforcement, field application has tended to use full height
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jackets to provide uniformity of appearance to the.column.

Research on steel encased concrete columns in.'m'ultistory buildings is
also relevant for the application of steel jacket. A steel tube filled With‘concfete
is often used to reduce the column dimensions in-the'v bottom stories. While
early efforts concentrated on the axial load ’carryihg capacity of concrefe-ﬁlled :
steei tubes [30,31], recent research carried out in J.apa,n examinéd the ‘behavior of
these members under simulated seismic loads [32]. Test columns were of the low
shear span to width ratio typical of building construction, with the egcaéing steel
tube terminated slightly short of the adjoining beams. The casing was successful
in inhibiting b;ittle shear failu;e and produced a ductile\ﬂexural mode of inelasfic

1 .

displacement with stable hysteretic logps even in columns subjécted to high axial
léads. | |

Even though test results showed successful inhibition of brittle failures
in the region of main reinforcemexit cut-off at mid-height [33], the use of steel
jacket for flexural ductility enhancement and prevention of bond failure at the
lap-splice‘ region 1s Iess'certaiq. The injection of eﬁoxy resin as grout infill assures
~full composite action of the jacket with the column causing a possibly undesirable
increase in th-e‘ lateral stiffness of the colum.n,;l especially when associated with a
lower diameter to jacket thickness ratio. |

Thils report summaries the results of an initial phase of a reéearch pro-
‘gfam funded by Caltrans and th'e.Fedéra‘l Highway Administration on flexiiral
retrofit of circular bridge column using steel jacket. Experinﬁental testingAWas
carried out Ia‘t the Large-Scale Structural Testing Fé,cility at the Univeréity of
California, lSan Diego. Theoretical aspects related to the‘ development of a com-

puter program for assessment and retrofit design of circular bridge columns are
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covered in a separate report [34]. Subsequent phases of the research project deal
with flexural retrofit of rectangular columns, with shear retrofit of circular and
- rectangular columns, with shear strength of knee joint, and with footing retrofit.

These research will be separately reported.



Chapter 2
Column Design and Testing
2.1 Preliminary

This chapter deécribes the design and test setup for the experimental program.
Only salient féatures will be discussed. Material properties and construction
processés arle. iﬁcltided in Appendix.A of this report.

| In ordér to mirﬁmize the extrapolation of results, "c}}e test columns were
designed to as large a scale as could be tested with thé; available equipment.
This was achieved at a geor‘neﬁic scale of 0.4. Non-ductile details typical of the
pre-1971 désign, together with materials rep;esentémtive of the actual bridge con-
étrugtion', were‘incorporated‘ in the design of‘the test column. T}.le‘tes.t columns
" were constructed with a footing (66 in;:hes square by 18 inches high) to include

foundation influence or interaction on the column behavior.
2.2 Test Matrix

Table 21 shows the test mafrix for the circular ﬂéxural re‘,troﬁt prograrﬁ. A total
of six columns were ‘coﬁst‘ructed; two of which were tested ’as-built’ while the
femaining four were tested after retrofitting with steel jackets. The prografn also
1investigated the possible use of steel jacket for post-earthquake repair of damaged
bridge columns by testing one of the damagedl ’as-built’ columns after su.k.)sequent‘ .
jaéketjng. Other design variations include:

1. Anchorage of Longitudinal Reinforcement: As noted earlier, the col-




umn longitudinal reinforcement in the pre-1971 design was often lap-spliced with
starter bars from the footing at a lap length of 20 times the bar diameter. Such
a lap length is insufficient to develop yield of the reinforcement especially under .
large inelastic load reversals. Consequently, the column behavior is character-
ized by an undependable flexural strength with very rapid strength degradation.
This deficiency was duplicated in four of the columns. In addition, reinforcement
extending without laps into the footing and anchored with 90° hooks was also
iﬁvestigatéd in two columns; shown as column 3 and 4 in Table 2.1.
2. Strength of Footing: Uncertainties arise with regard to whether pre-1971
footings will have sufficient strength to resist the column ﬁlastic moment, partic-
ularly when the moment enhancement expected of thle column after retrofit with
a steel jacket is considered. The initial pair of the .columns were constructed
with footings representative of the ﬁre-1971 design, referred to as 'weak footing’
in the test matrix. The test on the retrofitted column of this pair confirmed the
anticipated weakness, and footings for the remaining columns were redesigned to
resist the full moment and shear input. The strengthenedl footing will be referred
to as the ’strong footing’ hereinafter.
3. Partial Colump Retrofit: A partial retrofit approach was undértaken
in column & to investigate the possibility of containing the base of the column
and to maintain the a.xia;l load carrying capacity without attempting to improve
the flexural strength or ductility of the column. This could be adopted in design
where the dependable lateral strength of a column would not be needed to ensure
_satisfactory response of the bridge as a whole and where full retrofit might place
* excessive moment demand on the footing. To this end, a thin sheet of styrofoam

(1/4 inch thick at the model scale) was added between the column and the
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gréut inﬁll;to‘allolw a controlled ciilation of the covér concrete at large lateral
displacernent. Bond failufe wés expected éxt the l_ap-spliée but cdmpléte loss of
cox;'er coﬁcrété should not occur as a 're‘sult of' restra.iﬁf by the‘ steei Jjacket. |

4. -Repair"of Column VV\IN_ith Steel Jacket: Afﬁef the initial test: of the |
I‘lapped column in the ’as-buil't’ conditioﬁ, the column was repdired with a ‘steel
jackét,' indical.‘ted as I-R in the teét matrix, and 'refested using the same fdrce
"and deformation history. Loose cover concrete around’ the sqplicéregion of the
'main reinforcement was removed befc‘Jre‘ installing the steel jacket. Instead of
préviding a vertical gap, the jacket was extended déwn to the top of the footing
to énsure.‘go;)d seal against the grbuting pressure. The'same cement-based gfout
was used to fll t_hé gaﬁ between tﬁe j_acket and column. Thé weak footing was
" strengthened by external preétressing to a.total of 300 kips at mid-height. of the:

footing in the ‘direction of lateral load.
2.3 Design Considerations and Details.

This section describes the design of the test columns. Comparisons between the

prototype and. test columns are'summafiied in Table 2.2.
2.3.1 Column Héight

-The column éspect rati‘o‘l(h'eight to diameter) was chosen to ensure a flexural
fespénse. The criterion ﬁsed was tob‘limilt.the nofninal shear strevss. t§ below
the levél expected to causé diagonal tension cracking. In this case, By adof;ti.ng
a Icolumn héight of six _times the diameter, th‘e_‘sheaxj stress, (I:orr('eslpionding to |
nominal ’ﬂé'xurai strength, ‘using an effective shear area'-of 0.84, [35] was 128

psi. This value is less than the ACT's expression of 24/f/, = 141 psi. Note




Table 2.1: Test Matrix

Test Units Column & Footing Details Remarks
1 20 dy Lap For Long. Bars | Weak Footing Reference
Without Steel Jacket _'
-2 20 dy Lap For Long. Bars | Weak Footing Full
With Steel Jacket | Retrofit
3 Continuous Column Bars Strong Footing Reference
Without Steel Jacket
4 Continuous Column Bars | Strong Footing Full
With Steel Jacket Retrofit
5 20 dy Lap For Long. Bars | Strong Footing Partial
1/4” Styrofoam and Jacket Retrofit
6 20 dy, Lap For Long. Bars | Strong Footing Full
With Steel Jacket Retrofit
1-R 20 dy Lap For Long. Bars | Weak Footing Full
Repaired By Steel Jacket 300 kips Prestress | Retrofit
Table 2.2: Design of Test Columns
Parameters Prototype | Test Column
Diameter 60” 24"
Height 360”7 144"
Cover to Main Bar 27 0.8”
Material
Concrete Probable f/, | 3000 psi 5000 psi
Reinforcement f, Grade 40 Grade 40
Longitudinal Steel 32 #14 26 #6
Total Steel Area 72 in? 11.44 in?
Long. Steel Area Ratio 2.55% 2.53%
Transverse Steel #4 #2
Hoop Spacing 127 57
Transverse Steel Ratio 0.118% 0.174%
Axial Load ' 2544 kips 400 kips
P/(fl,A) 0.18 0.177
Flexural Capacity
M, (Based on ACI) 105056 kip.in | 6671 kip.in
Nominal Shear Stress o
V./0.84, 129 psi 128 psi

24
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that the flexural ca,pacities shown in Table 2.2 were obtained using the conlputer ‘
program devéloped by King [36] for ACI section a.na.lysie assessed at an extreme .

compressive strain of 0.003.
2.3.2- Column Reinforcement

Grade 40 reinforcerient were used in the test columrlsettcept in the loa<lstub and
strong footing where gra(le 60 steel were used. Figure 2.1(a) and (b) show the
reinforcement details for the ‘test column and footings. The longitudinal steel
consists of 26 #6 bars uniformly distributed around the column, constituting
.a'steel area. ratio'of 2.53%. "The design is equivalent to '32. #14 bers 'm a b ft
diameter prototype column. The use of #4 transverse steel at 12 1nches centers in
prototype columns is SJmulated by #2 hoops at 5 inches. It should be noted that
the transverse steel in prototype column corresponds toa conﬁ.nlng steel rat1o of

s =0 118%, whereas in the test columns the des1gn represents a sllghtly hlgher ‘

" ratio of 0. 174% The conﬁnmg steel ratio is defined as:.

) 44, B
= C o (2.1
=, o | .(~ )ﬁ

where A, 1s the cross-sectional rarea, of hoop; -d;-is the coreldiameter measured
a.long centerline of hoop; and s is the hoop epacing‘ If the eamé confining steel
‘ratio is to be meuntamed while prov1d1ng a proper scale of the prototype hoop
spacing l.e. 0.4 x 12 inches = 4.8 1nches, a hoop size smaller than #2 must "
be used. Without resorting to special -fa,brication, a compromiee was reached
By usirlg #2 hoops with. a slight increase of spaeing to & lﬁches. It should be
noted that with the low transverse reint'orcement ratlo, simulation of 'antibuekling

properties, which are largely related to transverse steel spacing, was felt to be




Vertical Load

- 400 kips
e
=_°3 _1; ~-— Horizontal Load
HTE— No..B.Séuare.Hoops
+ |f'=——y— No.4 Spiral @ 3.5" Pitch
&
i 26 No.6 Bars
3 .
U ” o
o 24" Diameter
[ ~ Column
o) -~
~ g,
§ —]|— No.2 Hoops
&= @ 5" Centers
i
H .
. Footing Hold-Down
2 Placed In 6" Pocket
-q[ l . -
| 24 No.6
N T8]).  Straight Bars
—— Both Ways

'1” Thick By 8" Dia
_!. Rigid Pile Blocks

(a) Details For Column With Weak Footing

—- 2 N0O.8 m Bars
Plus 4 No.6
Straight Bars

. 20 No.6
& - —Straight Bars

NO.4 ‘ S T s e oD L L L D e
Spiral @ 2.5° Pitchd -6 Pairs No.8 oo Bars
L 66" N

™ bl

(b) Strong Footing Details
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‘more important than simulation of concrete confinement, which is more closely

related tdlp,. The cross-sections. of the test columns are shown in Figure 2.2.
2.3.3 Footing Details

The Treinfor‘cement fo? the first pair of weak footings consisted of Ionly straight.
bars (two orthdgonal layers of 24 #6 bars eacﬁ) in the bottom region of the
footing ‘ﬁs seen 1n Figure 2.1(a). The footiné was sup.p_orted' off the test floor on
six simulated pile‘-blbcké (1 inch by 8 inch diameter). Horizontal translation was
prevented by prestressmg the footing to the test floor w1th a total force of 330
kips. The hold down bolts for the footmg were placed in 6 mch deep pockets to
minimize any artificial mﬂuence on the qolumn/footmg joint by the compressive
struts wiiich may de{relop from the hold-down bolts. |

Footing reinforcement was increased, after failure was obsgfved with the
above details in column 2, to iﬁclude top and bottom layers of #8 bars bent at
both ends, 6 pairs of #8 diagonal bars placed adjécent to the qblumn/footing
joint and #4 spiral at 2.5 inch pitch Withiﬁ the joint. Instead of using pile-blocks
as support, the stroﬁg footing was unifbfrnly. piaced on a thin layer of hydrostonel
- and clarnped againstl th‘é test floor to a;lle;/ia;te the se{rere conditioné associated
with supportmg on p1les In addition, the placing of hold-down bolts in sunken

pocl\ets was ehmlnated
' 2.3.4* Axial Load

~ All test columns were subjected to the same axi‘;zd load of 400 kips. The load
level represents a nominal stress of 0.18 f/, which is considered to be a practical

upper bound of the zﬁ;ial load that can be expected in single column bridge piers.
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Since column ductility capacity decreases with .increasin‘g axial load [37], the
high design axial load would present a more severe test of the actual condition

for bridge columns.
2.3.5 - Concrete

Normal weight concrete witlh a fa;gét comf.)ressive sffength of f,, = 5000 psi at
28 days was used in,tbhie test columns. The coﬁcrete was‘designed to fep;esent a
67% overstrength when compared to the ‘typical 1960’s design strength of 3000
pst. Thé ovérstrength is to reflect both the c-o‘nservative concrete mix design and
. batching practices of the 1960’s aﬁd the strength gain expected in- more than
twen.ty years of natural aging. Summaries of ‘the mik design and éombr’essi\re

strengths are given in Appendix A. .

2.3.6 Steel-J&cket Length

Extension of the steel jacket to full height of the coluﬁm is often not necessary
for flexural retrofit. In determining the length of the steel jacket, the increase in
" moment demand on the column as a result of confinement by the steel jacket must
be evaluated. Figure 2.3 shows the criterion used for the determination of steel
jacket length. The bending moment at the base of thé column corresponds to
the plastic moment, M, which is a.sse’ssled using alcon\lpressive strain of 0.005 in
‘the extréme fiber of the concrete co‘re. Tbe Mander modei for confined concrete
[21], modified for cof}ﬁnement by steel ‘jacket (Section 1.1), rwas'used for the
evaluation of M,. The length of fhe jacke‘tl is terminated where the moment

demand immediately abave fhe jacket is less than 75% of the original flexural

 capacity Mu Even though strain-hardening of the longitudinal steél is likely at
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Figure 2.3: Design Length of Steel Jacket

ultimate displacement which will increase the moment demand above the jacket,
the criterion is considered adequate in avoiding the formation of a plastic hi'nge
above the jacket. The length of steel jacket L; may be written to satisfy the

inequality:
: M,
M,

L;i>(1-075"—)L" - v, . (2.2)

where L’ 1s the height of the column; v, is th;a vertical gap provided between the
toe of the jacket and the top ef the footing.

Using a 3/16 inch thick jack;st for the test column, the value of M, is
7366‘ kip.in. The original flexural capacity of the test column is M, = 6671 kip.in
(Table 2.2). If a vertical gap of 1 inch is used, the minimum jacket length is 45.2
inches. A practical jacket length of 48 inches was used. J

Note that for proper confinement of the column concrete, the grout infill
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between the jacket and column must have‘ sufficient strength to transfer the lateral
pressure. The lateral pressure for retrofit application is howeve_lj small compa.red
" to the compressive strengfh available from typical mix of cement-based grout. .

, 'l The uniform lateral confining pressure Ideveloped by the Jacket, assuining fyi =
36 ksi, is 551 bsi for the test column (Eqn. 13 and 1.4).‘ The grout compressive.

'strength achieved for this study is about 2200 psi.
2.4 Test Setup .

Two independent systems of lqading wére appﬁed to the test éolurﬁns using the
test conﬁgurz;tion shown in Figure 2.4. .The axial force was applied using two 2
'~ inch diameter high-strength steel bars before imposing lateral force to‘the column.l
Each bar was stressed with a center-hole jack which reacted against the test floor.
The bar forces were tra,‘nsferred to the column by a cross-beam mounted on top of
a heavily reinf-orced loadstub. Horizontal force was delivered .by_ a‘double-acting
actuator with a compression capacity 6f 150 kips and a tension capacity of 130
kips. The available stroke of the actuator was 18 inches. .All the applied forces
iwere measured by calibrated load-cells. ‘ |
The design of the loading ‘system assumed that the lateral force resisted
by bending of the high—streng‘th‘ bars 1s small and that ‘the bar forces will be
introduced normal to the loadstub. This is justified in view of the ﬂexibility.of

‘the bar. For example, the lateral force resisted by the bar is given by:

3(ED) A

3
bar

‘ .‘/bar = (23)

where (EI )pq, and Ly, are the flexural rigidity and Iength of the bar, respectively,

and A’ denotes the top displacement of the bar.. By substituting (EI)s,, =
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F‘igure 2.5: Application of Column Forces

22777 kip.in? Lbar = 191 25 mches (takmg into account of the helght of the
cross-beam and footing); and A" = 10 inches, gives V}m = 0.1 kips which is very -
small éompared wilth the level of lateral force appl_l_ed..

The 'bending moment at the base of t}.1e. colurifm .rnust however be cor-
rected for the horizontal component of P which Will"va‘ry with the ‘rotat-ion of the
léadstub (see Figﬁre 2.5). The cor-rect bendin‘g,moment M;, at the base of the

colums is given by:
C My=(V - Péinet)L’ + P cosfA (24)

where V. = the lateral load as measured by the horizontal loadcell; L' = hexght

of column; 6; = rotatlon of loadstub; a.nd A= hor1zonta1 dxsplacement measured

I :

at the center of the loadstub Eqn. 2 4 may be rewritten as:

M, = R,VL o C(25)



34

500+
E Max Force = 454 kips
450
3
&
§4oo—j
= ]
< ]
350
EM.inForce
300||11]|[]||1—|*Il[||ll|7_rr||1—lll|llll|Tlrt

-10 -8 -5 -3 7] - 5 8 10
Lateral Displacement (in)

Figure 2.6: Axial Force Variation during Column 4 Test

where

P . A ' -
Ry=1- V(sm& ~ 3 ¢os 6:) ‘ (2.6)

represents a correcting factdr for the lateral load measured by the horizontal
~ loadcell. The amount of correction is however relatively small. For instance, at
the maximum stroke of the horizontal actuator, i.e. A = 9 inches, the rotation of
the loadstub 8; was about 4°. Thus, by substituting thesé values, and P = 400
kips, V' = 55 kips into Eqn. 2.6, the correcting factor H; = 0.946.

It should be noted that the axial force P will vary with the lateral dis-
placerrient of the colpm_n. Since the neutral axis does not coincide with the
centerline axis of the column, the formation of cracks in the column will impose
an extension of the column, and hence of the bar which ipcreases the axial force

P. During testing of the columns, it was necessary to reduce the axial force after
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4 = 3 so-that the forces remained within the design limit of the bars. Figure 2.6
shows the characteristic variation of axial force with displacement for column 4.
It can be seen that an almost linear increase of axial force occurs at large éoh;mn

displacement.

¥
1

The deflection at the level of lateral force appligation was recorded by a .
20 inch DC operated linear variable differential {ransformer (LVDT), as shown
in Figure 2.4. In addition, intermeéliate column displécemenﬁs were measured
by 4 in_ch linear'potgﬁtiometers. The rotation of fhé loadstub was monitored
" by linear pote‘nti'ometers‘ mounted Ia,t the four ‘cornersl of the loadstub. Linear
potentiometers were zﬂso u=s;3d to Imonitor the horizontal translation of the footing.
No significant translation (_less t‘h‘an 0.01 inch) of the.foo‘ting was noted duﬁng
testing of the columns.

The reinfo.rci-ng stgel as ‘well as the steel jackets were instrumented with
electrical resis'tance'strai‘n gages. The gages used Wéré 120 2 Showa gages Type
N11-FA-5-120-11 which have é nominal length of 5 mm; The prepafed surface
was cleansed with methyl ethyl-ketone and wiped dry before gage installation.
The bonding agent used was & super-adhesive (alpha cyaﬁoacr'ylate monomer).
All gages were coated with aﬁlac'rylic based Water-.prooﬁng agent and ;.i‘rot,ectle.d
with a vinyl mastic membrane. R

The curvatures within the potehtial :;;Ia,stic hinge region were measured
using linear poteﬁtiometers mounted as shox%rn in Figure 2.7; Pairs of 3/8 inch
aJl—thréad bars‘were cast in the columns fo support aluminum angles to which
the linear potentioineter‘s were attached. The plac:sment of linear poteﬂtiometérs

on the extreme tension and compression faces of the column allowed an average
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curvature to be estimated: ) _
Ax — Ag

4= @n

hC’U.T ZC’U.T

where Ay, AS are the relative vertical displacements between the adjacent rods
_ in the extreme faces; A, is.the vertical distance between t;he adjaceht curvature
. rods and [, is the hdrizcﬁntal distance between t“he pair of linear potentiométers.

_All instrumentations were ‘logged by a high-speed data acq{iisition system
involving a VAX Station 2 rﬁinicomputer anclll a NEFF 470 (12-bit) analog-tb-
digital converter. The effective sampiing rate of the ;:onverter_ is 19.56 Hz for a
total of 512 data cha‘nnéls., The 'data acquisition system 'is driven by Vin-"hou'sel
Vdeveloped software. In .éddifion,la continuous real-time plot of the ‘l'ateral load

versus displacement was displayed on aX-Y plotter d‘ur‘ing testing.
2.5 Test Procedure

CAll t‘es"c columns were .sub jected to the same lateral force ,E-Lnd displacement pat-
tern of increasing magnitude, as >shown in Figure 2.8(a). Initial cycles wefe carried
out under load control. Two cycles to *8 kips, followed by one cycle to*15 kips,
were imposed to verify that b_oth the load and data acquisition system Wére op-
érating correctly, and té determine any cracks that may developbéfore 15 kips.
Five cycles to f237.5_k.ips‘ corresponding to approximately 50% of ﬁomina.l flex- “
ural strength were then dpplied to check for any prérﬁatﬁre bond failure at the
lap-splice of the longitudinal reinforcement. One cyclg to f40 kips Qaé carried -
out to define the experimental yield displacemér}t. It should be noted that the
force of 40 kips approximatély‘éorresponds to the theoretical ﬁrs‘t‘ yield of the

extreme tension steel. The experimental yield displacement A, was detefmin‘e‘d-
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by a linear extrapolation of the displacement at 40 Rips to the ideal capacity V,
as shown in Figure 2.8(b). The average of the displacements in the two directions

was adopted as the experimental yield displacement i.e.

=|Ayll+|Ay?|

A,y 2

(2.8)

where Ayl, Ay, = extrapolated yiéld displacements in the push and pull direction,
respectively. For the ’as-built’ column, the ideal capacity was assessed using an
ultimate concrete compressive strain of 0.005, while for the retrofitted column,
the 1deal capacity corresponds to the lateral force at the development of the
plastic moment, M, diséussed‘earlier in Section 2.3.6. It is appropriate at this
stage to define a parameter that will characterize the elastic lateral stiffness of

the column i.e.
e 1/;
col — A—y

(2.9)
The definition of K¢ ; will allow a comparison of the column stiffness increase as
‘a result of retrofit by the steel jacket.

Subsequent cycles beyond *40 kips were carried out under displacement
control with three cycles being imposed at each ductility factor p =t 1, 71.5,72,

+3 etc., until the failure of the eolumn or the stroke limit of the actuator. The

displacement ductility factor is' defined in the customary manner as:

(2.10)



Chapter 3-

" Observed Behaviofof’ Columns

This Cha,pter describes the general observations made during testing of the
: column.s. ‘Even though the tests‘u'rere carried out in the numerical order listed in
-the test matrix (Table 2.1), descriptions of the column behavior will be present.ed

in tw’o_se'parate sections‘ l.e. column,s‘with lapped sta.rter ba;‘s and columns with

continuous reinforcement.

3.1 Columns with Lapped Starter Bars
3.1.1 ’As-Built’ - Column 1

'Fle}‘cur{a.l cracking was first obsérved at the base of columﬁ 1 during the first cycle
to 15 kips.‘ The cracking sub‘éequently spread to'élpﬁost half the column height
‘when the lateral force was ‘increased to 27.5I kips. These t‘:racks‘fo_rrned at near
regular intervals of 5 inches and appeared to be inﬂﬁenced by the transverse hoop
spacing. There was no observea cracking.in the weak footing at this stage. Cracksv '
outside the lap-splice region were wider thaﬁ those within the splice length and
- were seen t'O"e.xtend more rapidly at higher forces. (At this stage, the d;)uble
-amount of reinforcemént_' in the lap-splice region clearly reduced the crack widths
within the splice region.
| Vertical ‘spllitting‘rcra‘cks first appeared on the tensic.;n face near the base
of column at 40 kips, providing first visual evidence of incipient Bond failure.

[ .

 More extensive vertical splitting cracks appeared in the lap-splice region after

39 -
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displacing the colvumn to u = 1.5 (see Figure 3.1(a)). Spalling of cover concrete’
occurred on the tension face duriﬁg the first pull cycle to g = 1 and became
extensive at p = 1.5. A péak lateral force of 49 llcips was recorded at y = 1.5
corresponding to a drift ratio (A/L' x 100%) of 1.4% in the push direction. First
evidence of footing distress was noted at g = 1.5 with a major crack on top of
the footing propagating in the direction of lateral force. The crack was however
stabiﬁied by the rapidly degrading lateral strength associated with bond failure.
Final failure of the column was caused by complete loss of cover concrete over
the lap-splices, due to large displacement reversals, as seen in Figure 3.1(b). The
second hoop above the base fractured during the second pull cycle at u = 4,
indicating substantial strain beyond yield despite being anchored by a lap-splice

i the cover concrete.

3.1.2‘ Retrofitted Column 2 - Weak Footing

Thé use of epoxy fesin to seal the top and bottom of the steel jacket against
grouting pressure ﬁresented minor difficulties iﬁ observing the formation of first
cracking during the early stages of the loading. First cracking was noted in the
epoxy seal at the base at 25 kips. Cracking above the jacket was first observed
at 27.5 kips. A crack paftern similar to that of column 1 developed above the .
jacket at 40 kips. There was a slight inclination of the cracks above ﬁhe jacket
indicating the influence of shear on crack formation. Sebaration between the
epoxy seal and column,; and relative sliding between the jacket and ;:olum.n were
noticeable at this stage. First cracking. in the footing was élso observed at 40
kips. The vértical‘ crack appeared on top of the footing on the tension side o} the

loaded diameter propagating in the dilrection of lateral force. Without a top layer
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{(b) Complete Loss of Cover Concrete in Column 1

Figure 3.1: Failure of ’As-Bui‘lt’ Column 1 with Lapped Starter Bars

. | Reproduced from
best available copy.




of reinforge’mlentlin fhe footing, the crack continued _fo Widen as displacements
Ctoop o= 1',‘1.5 and 2 were imposed. A ma&cimum latefal force of 58.5 kips was
recorded during the ﬁrs.;q push cycle to u = 3 corfesponding ‘to a drift ratio of
2.5%. Stlablé_respon‘sve‘of the column \v;ras maintained in the first two cyples to
7 =~‘3, but a brittle failure of the footing occurred in the third cycle, resulting in
a rapid drop of vel;tical' and lateral forge resistances. The failure occurred in thé
joint region under the column and developed iflléb the full crossed (;rack pattern
under cyclic load revérsals, as shown in 1‘E‘iéure 3.2(a) and (b). Analysis of footing

failure will be further diécuséed in Chalpter 3.
3.1.3 Full Retrofit - Column 6 .

Column 6 was constructed to duplicate column 2, but with a redesigned footing
so that response at large lateral displ'acément ;:Ould be étuaied Initial behavior
of column 2 and 6 were similar, except that the support of column 2 footmg on
pile-blocks resulted in increased footing flexibility, and hence in slightly largerr
lateral displacements than for column 6.

| No visﬁ:)le cré,t;king was observéd in coluﬁm 6| at the lateral force of 15
kipé. There -Wa,s however minor separation.»of phe epoxy sea1 from the colurnn
surface at the top of thé jé_cket at 20 kips. Four ﬁexural cracks ..develoi)ed above
the jacket at 25 kkips,‘ with the first crack appearing at approxirmately 8 inches
from the top of thg jacket. The cracks were again well spaced at about 5 inches
apart. It is clear that the Itransx;erse hoops were acting as épack init_ia.tors. Minor‘
extension of the cracks.ogcurréd upon ‘force in;:rea;se from 25 to 27.5 kips. A
'symmetrlcal crack pattern developed in the column under the two d1rect1ons

of loading. Flve cycles to 27 5 kips however d1d not produce any significant
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(a) East Face of Footing

(b) West Face of Footing

Figure 3.2: Weak Footing Joint Shear Failure in Retrofitted Column 2

| ‘ Reproduced from
[ best available copy.
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‘ extensioﬁ of these cracks nor the formation of new cracks. At .40 kips, the spread
of cracking up the column was abc;ut 2/3 of the column heigh-t. |
Cracking in the epoxy seal at the base of the column was first noted at a
force of 30 kips, and upbn Ioading to 40 kips, the epoxy‘ crack widened sufﬁcienfly
to allow fhe crack in the column to become visible. The crack c_:ontinued to widen
as the displacement to x = 1 was impbsed. This 1s expected since the inelastic
rotation of the column was cpncentrated over a small plastic region. The epoxy
seal at the base of ;:olumn ﬁnally spalled off after ¢ = 1.5 and minor crushing
of concrete cover was evident at u = 2. Cracks appeared on top of the footing
at £ =3 ‘anrd were seen to rédiate from the column in a fan-like manner. Large
inelastic strains were developed in the starter bars and the penetration of these
strains into the footing led to splitting ‘and eventual spalling of the cover concrete
from the footing surface at p = 5. The spalling exposed part of the starter bars
and created an unsupported length of reinforcement of appro#ima,tely 2.5 inches.
Concurrent spalling of concrete inside the jacket was also noted on the compres-
sion. side. Subseqﬁént disblacement to higher ductilitieé resulted in buckling of
the starter bars when in compression and straightening when the direction of
applied lateral force was reversed. The ﬁyclic buckling and re-straightening of
the starter bars resulted in low-cycle fatigue fractu-res, és :'s.hown in Figure 3.3(a).
The first fracture of the starter bar occurred during the first push cycle to 4 = 8&.
‘ The_z steel jacket was successful in preventing a bond failure at the lap-
splice, and in allowing the strength of the starter bar-s to be developed. Column
behavior was stable prior to the bar fracture and a maximum lateral force of 77
kips was noted at first push cycle to u = 7, cérresponding to a drift ratio of 5.3%.

Figure 3.3(b) shows the symmetrical crack pattern of the column near the end



(b) Crack Pattern at p=7

Figure 3.3: Failure Mode of Column 6 (Retrofit, With Laps)
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of the test.
3.1.4 Partial Retrofit - Column 5

Figure 3.4(a) shows the styrofoam wrap prior £o the installation of the steel
-jacket. The soft styrofoam wrap in ebiumn 5 caused an early separation of the
epoxy'seel from the column surfece at a lateral force of 15 kips. Despite the
separation, there was no observed cracking in either the epoxy or ¢column.
'Three‘ flexural cracks first appeared above the jacket at 20 kips. The-
cracks Were' 10, 15 and 20 inches from the top of the jacket. Upon loading to 27.5
.kips, cracking spread te almost 36 iriches‘ab,ove the jacket, e;nd a symmetrical
crack pattern was again observed on the column. A maximum force of 4‘7 kips was
recorded dﬁrfng the first push cycle to p = 1.5 after which the lateral strength
‘decreased as bond failure of the lap-splice became progressively more pronounced.
The peak force was slightly lower than its ’es—built’ counterpart - column 1, due ‘
to the lowef concrete strength in column 5 (see ;Ta,ble A.1 in Appendix A for
concrete streﬁgths).l Unlike column 2 or 6, there was 1o observed damage to the
footing of column 5. The bond failure which occurred at the lap-splice prevented
the development of yleld of the main reinforcement and the penetrat1on of large
inelastic strains 1nto the footmg Desp1te Jmposmg a final la,teral displacement of
8.7 inches in the. push dlrectlon the toe of the steel JacLet did not bear against
the footmgl, and the vert1ea1 Ioad carrying capac;ty of the column was successfully
maintained. The final displacement corresponds to a displacement ductility factor
ofu=750ra dl;ift, ratio of 6%. The iateral disﬁlacement in the pull direction
was however s‘lightlyl smaller, as limited by the 's;roke of the actuator to 7 inches.

The general view of column 5 at g = 5 is shown in Figure 3.4(b). Note the
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excellent condition of the footing.

3.1.5 Repaired Column 1-R

A provision for increasing the strength of the footing was made during the con-

struction of the first pair of weak footings in anticipation of footing failure, by
casting conduits in the footing parallel to the loading axis t§ allow post-tensioning

of the footing. Figure 3.5(a) shows the strengthening of the footing using four 12

inch diameter Dywidag bars. A total of 300 kips was applied to the footing in the

direction of lateral force application. Further relief to the footing was provided

by placing the 'footing in a uniform bearing instead of pile-block supports. There

was no further development of cracks in the footing during the repair test of the

column.

The loss of cover concrete during the initial test of fhe column presented
a problem for containing the grout at the base. It was decided to extend the
jacket to th¢ top of the footin}g to ensure a complete seal against the grouting
pressure. Without a vertical gap, the jacket was seen to bear against the footing
even at early stages of 10ad1ng High hoop strains at the base of the jacket caused
noticeable jacket deformations at u > 4. Figure 3.5(b) shows the condition of
the jacket at the end of test. Note the belling out of the jaékét over the bottom
6 inches.

The general behavior of column 1-R was surprisingly good. For lateral
forces below 40 kips, there was no extension of previously existing cracks nor the
formation of new cracks. At displacement ductility factor of u = 3 or drift ratio
of 2.7%, the éolumn registered a peak lateral force of 57 kips, which exceeded the

’as-built’ maximum force of 49 kips, and also the theoretical 'as-built’ flexural
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(a) Strengthening of Weak Footing

(b) Local Buckling of Steel Jacket at ; = 6

Figure 3.5: Repaired Column 1-R During Testing
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strength. The péa,lc force in the "repaj‘rcd column however was smaller than that
of .colurn'ﬁ 6 indicating'a reduced strain—h.afde.‘niné; as tlie_result- of eventual bond
failure at the lﬂp splice reglon. The column was subjectcd to further cycles of
,d1splacement to =6 or a drift angle of 5. 4%, with only gradual degradation
of lateral strength. Removal of the steel jacket after test conﬁrmed that bond

fa,llule had occurred
3;2 Columns With’ Continuous Reinforcer_nent
3.2.1 ’As-Built’ - Column 3 -

Unlike column 1, first cracl\mé in column 3 was not apparent at 15 kips. Two
cracks appeared at 12 and 15 inches above the base at 18 kips. First crackmg of
the base was observed at 21 kips. Cracl{ing spread to half the column height at
| 27.5 kipS; Increased loading to 40 l;ips and p = 1 producéd -only minor extension
of the crack lengths. First"cvidence of concretc crushing'was hotéd at the base
at u = 1.5 in.the push direction. C__rp.shing was delayed‘ in the pull direction
until g = 2, Spall‘iﬁg“of the cover concrete on both faces of the column occurred
~at 4 ='3. Incipient buckling of the longitudinal bars was obvious at i = 4,
corresponding to a drift rﬁtio of 3%. Tlle second hoop' above the base fractured
| durmg the second pull cycle to uo= d. ‘The first hoop, as Well as third and
fourth, did not fracture but showed some slip in their lap-sphces.v The loss of
lateral réstralnt by theéé transverse 'ho'ops allowed furthcr outwar'd’ bowing of the
longitcdirial.rein.forcementjin compression. Repeated cycles to a displacement
ductility'factor g = 5 resulted in the destruction of the concrete compression
oone and eventual loss of the lateral strength of ‘the column. The confinement

failure associated with inadequate transverse reinforcement is shown in Figure
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Figure 3.6: Confinement Failure of Column 3 (*As-built’y, No Laps)



<

3.6.

3.2.2 | Full Retrofit - Column 4

The basic behavior of column 4 was very similar to that of column 6. Cracking
in the epoxy seal at the base was first observed at 19.7 kips. Cracking above the
jacket was néted at 24 kips, and epoxy separation from the coluﬁln surface was
first noticeable at 275 kips. First crushing of the concrete cover occurred at
| the toe of the jacket at u = 3. Relative slip bgtweeﬁ the Vba,se of the jacket and
the column increased with ductility factor, and was about 5/16 inch at p = 5.
A fan-like crack pattern similar to that observed on the fobting of columnnﬁ'
was well developed at u = 3 and silgniﬁqant sﬁalling of cover concrete on the
footing occurred at g4 = 6, as seen in Figure 3.7(a). | A maximum lateral force
of 73 kips was recorded during the first push cycle to 4 = 8 or a dfift ratio of
6%. The cyclic displac-ementsv imposed on the column led to the eventual loss
of the cover concrete on the footing, fully exposing _the internal reinforcerﬁent.
Longitudinal bars were seen to buckle under compression and straightened when
later‘allforce was reversed. As discussed earlier, the cyclic process of compression
buckling and tension 'stbraightening led to low-cycle fatigue fracture of the main
reinforcemeﬁt. First fracture occurréd during the third push cycle to p = 8,
slightly later than column 6 which occurred during the first push cycle. The
low-cycle fatigue fra,cture of the extreme longitudinal reinforcement; is seen in

Figure 3.7(b).



(b)‘Low-Cycle Fatigue of Longitudinal Reinforcement

Figure 3.7: Failure Mode of Column 4 (Retrofit, No Laps)
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Chapter 4

Experimental Results

4.1 Lateral Load Versus Displacement Response

As noted previously in Chapt‘er 2, the bending moment at the base of the column
is not given by the product of the measured lateral force and column height
but must include a correction for the horizontal component of the applied axial
force. The correction factor for the measured lateral force at first peaks of each
ductility factor, Ry defined in accordance with Eqn. 2.6, is shown in Table 4.1.
It can be seen that the correction for the lateral force is small, typically less
than 5%. It should be noted that the loadstub rotation for repaired column 1-R
was not recorded for p < 3 and thus the factor Ry could not be determined. In
the ensuing discussions, the lateral force referred to is that measured by the
horizontal loadcell. A comparison of the corrected and uncorrected fesponse 1s .
‘included for column 4 in section 4.1.2.2.

In the plots of lateral force versus displacement, V, .is the theoretical
lateral force corresponding to first yield of the extreme tension reinforcement,
V, is the‘ lateral force corresponding to the theoretical ideal flexural capacity
of the unconfined column section, and V,, is the theoietical lateral force at the
development of the plastic moment M, (defined in Section 2.3.6). The dashed
lines representing V,, V; or V, in the plots have been divided by the R factors
to denote a 'positive’ P — A effect. Note that positive displacement indicates the

push direction in these plots.
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Table 4.1: Correction Factors R for Measured Lateral Force.

(a) Push Direction

Column | 1 2 3 1 5

. - 6 1-R
p = 0.978 | 0.984 | 0.973 | 0.973 { 0.970 | 0.976 -
p=15 0.973 | 0.981 | 0.971 | 0.973 | 0.968 | 0.969 -
p=2 0.971 | 0.983 | 0.968 | 0.971 | 0.962 | 0.968 -
po= 0.967 | 0.983 | 0.968 | 0.975 | 0.964 | 0.964 | -
p=4 - - 0.964 |1 0.977 | 0.958 | 0.964 | 0.963
p=" - - 0.955 | 0.975 | 0.944 | 0.962 | 0.938
p==0 - | - - '0.973 | 0.934 | 0.956 | 0.956
§= - - - [ 0974 - 0.951 -
u=175 | - - - - 0928 | - -
=8 - B 0976 - 0850 -
(a) Pull Direction
Column 1 2 | 3 4 | 5 6 1-R

pw=-=1 10.984 ]0.978 | 0.981 | 0.982 | 0.978 | 0.977 -
pw=-—1.5 |0.985|0.978 |0.976 | 0.981 | 0.975 | 0.978 -
p==2 0.982 | 0.979 | 0.976 | 0.979 | 0.971 | 0.977 -
p=-3 |0.9740.978 0.978 | 0.983 | 0.973 | 0.976 -

li=-2 - -~ [ 0.976 [ 0.985 | 0.972 | 0.972 | 0.951
L= -5 : -~ [ 0.969. 0.984 | 0.960 | 0.973 | 0.980
=567 - - - - 2 1 0.985
W= —6 - - ~ [ 0.986 | 0.960 | 0.976 | -
n=-67 1] - | - — 0988 | - R

n=—17 - — [ - - - 0980 -
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4.1.1 Columns With Lapped Starter Bars
4.1.1.1 Column 1 - Reference 'As-built’

Figure 4.1 shows the measured lateral force versus displacement response of the
’as-blﬁlt’ column with lapped starter bars. The initial response of the column
up to five cycles at 27.5 kips showed very little degradé,tion in strength. Minor
hystéretiq: response is noticeable in the one cycle to 140 kips. The displacements
at 40 kips were 1.02 and -0.98 inches in the push and pull direction respectively.
Extrapolation of displacements to the ideal capacity (V; = 32 kips) gives the
experimental yield displacement of A, = 1.297 inches, and the lateral stiffness
for the column, as defined by Eqn. 2.8, is 40.1 kip/in.

The la.téral force recorded at u = 1 exceeded the theoretical first yield
lateral force of V,, = 42 kips, indicating some of the starter bars were yielding.
There wé.s very minor &egradation of lateral strengtf_l between successive cycles
to £ = 1. A maximum lateral force of 49 kips was noted during the push cycle to
g = 1.5 and was 34% of the theoretical ideal capacity V;. The peak force reduced
to 42 kips in the pull direction. It is probable that large compression strains
developed during u = 1.5 causing vertical micro-cracking on the compression
side. Upon force reversal, thle capacity of the cover concrete to resist the splitting
force was reduced and hence the lowef measured lateral force. The second cycle to
¢ = 1.5 produced a 18% reduction i‘n the peak force. The reduction was however
smaller in the third cycle (about 12%) Subsequent response beyond u = 1.5 was
characterized by very rapid strength degradatmn with severely pinched hysteresis
loops. The second and third cycle showed smaller reduction in peak force than

at ¢ = 1.5. The lateral strength envelope is seen to degrade asymptotically from
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u =15 toa lateral force of about 20 kips. The degraded lateral strength of
the column corresponded to the lateral force resisted by the axial force and is
discussed further in Section 5.2.

4.1.1.2 Column 2 - Retrofit, Weak Footing

The lateral force versus displacement curve for column 2 is shown in Figure 4.2.
Note that the predicted first yield lateral force 1s the same as that of column 1
le. Vy = 42 kips. This can be expected since the conﬁping effect of the steel
jacket is not mobilized until larger cqlumn displacements. The plr;stic lateral
force predicted was V, = 58.4 kips; ~ 12% larger than the» ideal capacity V; of
column 1. -

The initial response of column 2 was similar to that of the "as-built’ col-
umn, except for an increase in the lateral stiffness. The displacements measured
at 40 kips were 0.789 and -0.857 inches iln the push and pull direction respec-
tively; both were smaller than that measured in columﬁ 1. The extrapolation
of the displacemeﬁts to the plastic lateral force gives the experimental yield dis-
placement of A, = 1.20 inches and a lateral stiffness of K¢, = 48.7 kip/in for
the column, ihdicating a 21 % increase over the ’as-built’ coluﬁn Although part
of the stiffness increase is attributed to the steel jacket, incipient bond failure
at the lap-splice of the ’as-built’ column is felt to have resulted in a larger yield
displacement and a degraded stiffness.

Stable response was noted for displacement to g =% 1, T1.5 and f2.
Unlike the rapid degradation of lateral strength noted in column 1 after g = 1.5,

the lateral force for column 2 continued to increase up to g = 3 with very little

degradation between successive cycles. The plastic lateral force V, was reached in
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the first.cycle to u = 3 after which a significant drop in lateral force was recorded,
- especially during the second cycle in the pull difection, as a result of the footiﬁg :
shear cracking. The footing collapsed during the thlrd cycle to p = 3, destroymg

the ability of the test umt to carry the vertical force

4.1.1.3 Column 6 - Retrofit, Strong Footing

The response of column 6 built with a strengthened footing and retrofitted with a
steel jacket exhibited remarkably stable hysteresis loops op to u = 7, as shown in
'Figure 4.3. The loops were characterized by a felatively high energy e,bsorption
and low reduction of peak lateral force upon recychng to a given duct;hty level.

The displacements measured at 40 kips were 0.809 and -0.765 inches m'

the push and pull direction respectively. The extrapolation of the displacements
to the plastic la.tleral force (V, = 55.4 kips) gave‘a'n‘experimental yield displace-
ment of A, = 1.09 inches and a lateral stiffness of Ke ! = 50.8 kip/in. The lateral
stiftness was 4% hlgher than that of column 2 due in part to a reductlon n
'footmg rotation as a consequence of the continuous support along the footing
instead of pile-block supports. | '

The peak lateral forces exceeded the. plasfi‘c lateral force V, after p ="2
as a result of strain-hardening in the loogitudinal reinforcemeot. The ma,xilrnum
lateral force of 77 kips occurring alt p =T was 39% above V. Low-cycle fatigue
fracture of the longitudinel fei;lforcement which occurred during the first cycle to
po= 8, ‘;vas acleompanied by comparatively rapid strength ‘degll‘a._dation, although
good energy absorption capacity v\‘ras' maintained. Note that the displacement at

4 = T corresponded to a drift ratio (displdcement_ divided by height) of 5.3%.
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4.1.1.4 Column 5 - Partial Rett:oﬁt

The hysteretic response of column 5; shown in Figure 4.4, exhibited‘sizlnilarity to
that observed for colurﬁ;'l, 1. The displacements measured at 40 kips were 0.915
and -0.930 inches in the push.and‘pull.direcf,ion respectively. The extrapolation of
the displacerﬁents‘to the ideal lateral fofce (V: = 50.3 kips) gave an experimental
yield displacement of A, = 1.16 inches and a lateral stiffness of K¢, =434
kip/in. The lateral stiffness was 8% larger than that of éolumn 1. The increase
is consistent with that observed between column 2 and 6 due to Fthe placing of
the footing in uniform bearing instead of on pil‘é-block suppofts.

A n'.la:‘cimurr‘l lateral force of 46 kips was recorded in the push direction
prior to reaching ¢ = 1.5, and wa‘ms‘ 6% less than that measured for column
“1 possibly due to Weaker Iap-sprlirces resulted from the slightly lower concrete
| étrength. The degradation of peak forces betvv;een the second and third‘cycles
were comparable with that of column 1 at # = 1.5. The presence of steel jacl/{et
however prevented complete loss of cover concrete énd therefore a less rapid
degradation of strength for 4 > 3. Note that éven at large displa.éements, the
lateral strength does not degrade to as low a level as for column 1, indicating

some residual bond strength.

4.1.1.5 Column 1 - Repaired

The hysteresis loops for column 1 after repair with a steel jacket are shown in
Figure 4.5. The experimental yield displacement determined during initial test
le. A, = 1.297 inches was used as the inelastic displacement increment. Even

though the behavior was not as good as that of column 6,.theréﬂwa.s a significant
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improvement over its ‘initial performance. The repaired respbnse was almost
identical to its ’as-built’ response up to ¢ = 1. The column first reached its
ideal lateral force at p = 1.5 with very minor degradation in strength between
the successive cycles to the same displacement. The lateral force éontinued to
increase- until a maximﬁm of 54 kips was observed at u = 3. The subsequent‘
strength envelope.showed comparativelsr slow degradation. Note that at y = 6,
corresponding to a drift ratio in excess of 5%, the lateral strength was still more .
than 85% of ideal strength. Although bond failure at the lap-splice still occurred,
the clamping pressure across the lap provided by the hoop action of the jacket
resulted in frictional restraint of the slip. Compared to column 6, the energy

dissipation was, however, reduced as signified by the area within the loops.

4.1.2 Columns With Continuous Reinforcement

4.1.2.1 Column 3 - Reference *As-built’

-With continuous lc-)ngi‘tu‘dina.l reinforcement, coluﬁm 3 showed a favorable in-
crease in flexural strc;,ngth and dluctility‘ over column 1, as can be seen by com-
paring Figure 4.1 and 4.6. The displacements at 40 kips were 0.900 and -0.852
inches in the push and pull direction respectively. The extrapolation of the dis-
plaéemeht to the ideal capacity (V; = 49.3 kips) gave a yield displacement of Ay =
1.082 inch. The corresponding lateral stiffness was K¢, = 45.6 kip/in; about 14%
larger than that of column 1. Note, however, that some of this increase can bé“-
attributed to the different footing support conditions.

The ideal laterarxl' strength of the column was first exceeded at u = 2.
Note that a slightly larger lateral force was recorded in the pull direction. The

maximum lateral force recorded was 55 kips at y = 3; about 11% higher than the
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ideal capacity. The hysteresis loops were stable up to ¢ = 4 and showed good
energy dissipation. There was practically no degradation of lateral strength be-
tween the three successive cydes to each ductility factor. The confinement failure
at u = 5, however, was accompanied by relatively rapid strength degradation.
Despite the good performance at g = 4, it would be unwise to rely on a value
greater than 4 = 3 which corresponded to the onset of cover spalling, for assessing

the dependable performance of similar existing Bridge columns.

4.1.2.2 Column 4 - Retrofit, Strong Footing

Figure 4.7 shows the measured lateral force versus displacement hysteresis loops
for column 4. The hysteretic response of column 4 was very similar to that of
column 6. Displacements at 40 kips were 0.814 and -0.742 inches in thebpush and
pull direction respectively, and extrapolation to the plastic lateral force (V, =
55.9 ‘kips) gavé an experimental yield displa;ement of A, = 1.084 inches. The
corresp;)nding lateral Stiﬁ‘ﬁess was 51.6 kip/in, about 2% higher than that of
column 6. The plastic lateral force was first e;cceeded at ¢ = 3 indicating strain-
hardening in fhe longitudinal steel. There was a minor drop in peak lateral force
after three cycles to each ductility factor. A maximt\.lm lateral force of 73 kips
occurred during the first push cycle to g = 8. Failure by low-cycle fatigue fracture
occurred after two cycles to u = 8 corresponding to a drift ratio of 6%.

As an illustration, the hysteretic response of column 4 was corrected for
the horizontal component of the axial force, as outlined in Section 2.4. The
corrected hysteresis loops are shown in Figure 4.8. There is very little difference
between the measured and corrected plots. A slight reduction in the lateral

force was noted in the corrected hysteresis loops at large column displacements.
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The cumulative energy dissipated by the column as obtained by the area under
the hysteresis loops were 7823 and 7678 kip.in for the measured and corrected
hysteresis loops, respectively. The difference between the two energies was only

2%.
4.2 Column Curvatures

Distributions of column curvatures are presented in this section. The curvatures
are defined in accordance with Eqn. 2.7. Different scales have been used for the
‘as-built’ and retrofitted columns. The plotted curvétures aré the first cycle peak
values for each ductiiity factor.

The presence of lap—splices in column 1 strongly influences the de\}elop-
ment of curvatures in the lap region. Figure 4.9 shows a noticeable reduction
of curvaturé at mid-height of the lap-splice due to the stiffening effect of the
‘ ddubled reinforcement. In contrast, column 3 showe‘d a more gradual distribu-
tion of curvature up the coiumn in'Figure 4.10. For a given dulctility level, the
base curvature in the column 3 was less than that of column 1. For instance,
at u = 3, the base curvature (averaged in the two directions) was 23 x 107*
rad/in for column 1, whereas the base curvature for column 3 was only 15 x 107
rad/in. The stiffening effect of the 1ap-splice requires a larger inelastic rotation
~ to be developed at the base for a given displacement. At a heiéht of 25 -inches,
column 3 showed a substantial increase of curvature after @ = 3 as a result of
increasing moment, .and strain penefration up the column. This is not apparent
in the profiles for column 1 as a result of the reduced lateral forces sustained by
this column.

Curvature distributions for column 5 are shown in Figure 4.11. Note that
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the curvature redu-cti'on due to stiﬂ'en‘ir‘lg effect, of doubled reiﬁforcement in the
lap- sphce reglon could not be measured due to malfunctioning i in one of the linear
--.potentlorneters at that locatlon Fog dlsplacement ductility factors p > 2, column
5 showed a larger base curvature than did column 1. The additional restramt by
the steel jacket fbréed fﬁrther concentration of the inelastic rotation at the base..
Ulnusulally lz;rge cﬁrvatur'es were measured near the top ova the jackgt, even at
initiél stages of loading. A possible explanation \;vas the.ben.ding of the curvature
rods dueltc; relative slip Between the jacket and column. The fods were bearing
on the steel jac‘két even before the start of the test, deépité oversized holes being
prqvidéd duiﬁg fabrication of the, jacket. | |
- Curvature distributions for column 2 are plotted in Figure 4.12. Note:
that column 2 showed a smaller base mllrva.ture‘ at 4 = 3 than Column 1lie.
18 x.‘l()_." rad/in cénipared with 23 x 10~ rad/in. The deformation of column
1 after incipiént bond failure was mainiy effected by a continuous opening of a
single crack at.the base ‘o.f Athe column. Despite the influence of the steel jacket
in‘ colufr:ir; 2, the inelastic rotatioh'did not occur over a single crack but was
distributed over a Slightly greatér h'eight; The curvature distributioﬁ in column
2 also.shoWed a small increase above the jacket,‘aé expected from the reduction
of flexural rigidity at that section. | |
Figﬁre 4.13 and 4.14 show the curvature distributions for retrofitted
columns 4 and 6. The‘concéntration of lafgg iﬁelastic rotations at the base of
" the column is very distinpt n these ploté. Note the ddded stiffening effect of the
lap-spklice Which'feduces the culrvatures jnsicie .'t‘hé Jjacket of column 6 compared

with column 4. |
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North Face . S’ﬁﬁth_ Face

- Figure 4.15: IStI;rain Gage Layout on Steel Jacket " -
4.3 Steel Jacket Stresses and Strains

Orthogonal pairs of strain gages \;fere affixed in fﬁe vertiég,l and horizontal di-
rections on the longitudinal tension and cqmpfeséion ge'heratoré of the jacket. In
addi.tion, horizontal strain gages ﬁere placed 3 inches ﬁwlay ‘frrom the east and
‘west generators. The deviation of these gagels from the east aﬁd wést generators
w@s necessary in order to avoid the welded longitudinal seams of the _.jacket.‘ It
shc;uld be noted that no _vert'ic‘al'gag'es were placed on’ the jacket of column 5 sinc;e
the use of styrofoaﬁ ﬁrap was expected to prevent any signiﬁcant_ development of
vertical stresses. Figure 4.15 shoﬁs a typical strain gage lal.’yout“used for column

2, 4 and 6.
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4.3.1° North - South Generators

As observed earlier in discussion of the lateral force versus displacemeﬁt response,
“the use of a fully grouted jackét increases the lateral stiffness of ;che column. The
increase depends on the effectiveness of the bond transfer between the jacket and
column. A plot of the vertical stress instead of strain distribution would enable
the level of bond stress at the jacket/grout interface to be determined. To this
end, thé measured orthogonal strains on the jacket were converted into stresses,
using the procedure outlined in Appendix B. Since strains exceeded yiéld at

higher ductility levels, the conversion required considerations of plasticity theory.

4.3‘.1.1 Vertical Stress Distribﬁtion

Figure 4.16(a) and (b) show the development, of vertical stresses on the
north and south generators of the jacket for column 2 during the push cycle.
Slightly higher vertical stresses were noted on the cbmpression generator due to
the better frictional characteristics associated with dilation of the compressed
concrete. For example, at p = 2, the peak vertical stress on the compression side
was -15 ksi, whereas on the tension side the peak vertical stress was 12 ksi. The
average slope of the vertical stress distribution implied a bond stress of 117 pst
- and 94 ps1 on compression and ténsion sides of the column respectively.

| Figure 4.17(a) and (b) show the same distributions for columﬁ 4, but up
to the larger displacement ductility factor of 4 = 6. Vertical stresses larger than
that of column 2 were noted. For example, compressive stress as high as -22 ksi
was measured at displacement ductility factor of 4 = 6. On the tension side,

a slightly smaller vertical stress of 20 ksi was measured. Note again the better
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bond transfer on the compression side, as evidenced byvthye maximum vertical
stfess oécuri‘ing at quarter height frorril thé toe of the jacket. Near the top"-“of
the jacket, the vertical s@reSses réyefsed, apparently due to ‘lbcal bending at that -
1oCa£i0n. The use of epoxy resin as sealant against g‘f‘outing‘ pressure resulted in
a relz;tiirely‘ s‘tllrlongk bond‘of the jacket to the colunn. The lateral dispiacement of
the column resulted in local bendiﬁg of the -jacl;x‘et, since thél bond transfer from
thé_ éplumn to-the jacket must act at an .eccentr.i.ci‘ty équql to Hg]f the jdcket wall
| thic_knéss}. ‘ | |

The cll‘i‘stributioris of vertical stresses én the jacket of column 6 are shown
in Figure 4.18(a) andi\(b). The vertical stresses v;’ere‘ apprqxiinately 20% highér
than those recorded for col}imn 4. At a displacement ductility factorl of u =86,
thé_étressés were -27.5 and“2'6 ksi“()n‘:the céniﬁfession and t'ension_génerators
: re‘sp‘ectively.‘ Section analysis carried out at-»,ul =6, 'aésdming full composite
action, gave the respe-ctivé \‘rértic’a,i stresses of ‘—36.18. a.nd 36.2 ksi at _the. same
height. .The smaller rﬁeasured.vertical stressesl implied that relative slip had
occurlred between the jacket and grouf infill. . High-tension stresses at the base
of the jacket on the compression side ‘(Fligure 4.18(b)) indicate the presence of

»

‘ loé_alized plate bending.

4.3.1.2 Circumferential Stress D‘is_tributildn

Figufe 4.19(a} and (b) show the "ciréumferlential stfess distributions on
the fension and compre‘ssioni g’enérz'a‘,tc;z"s‘ .‘of the j‘i:icket for ‘,co‘lumn 2 during the
push cs;cle.' A near uniform- distribution-of circumferential stress ulf.as noted on
the ‘tension‘ generator with ma;.gnitudé less than 12 ksi. In contrast, iarge tensioﬁ

circumferential stresses were recorded on' the compression generator at the two
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ends of the jacket. The stresses decrea,sgd rapidly until almost zero at mid-height
of the jacket. Tensile stress as high as 41 ksi was measuréd at the toe of the jackef
at 4 = 3, as a result of confinement of the compressed concrete. The relatively
large compressive stress noted at mid-height of the compression generator at
¢ = 1 was probably due to an’unstable strain gage at that location.

Figure 4.20(a) and (b) show the circumferential stresses on the tension
and compression generators of the jacket for column 4 during the first peak of
the push cycle. On the tension generator, some erratic vaul"iation of circumfer-
ential stresses was nofed, especially close to the two ends of the jacketl, possiblgf
due to instability of the strain gages. Circumferential tension was noted on the
compression side and was considerably larger than that on the tension side, as a
re;ult of Poisson’s ratio effects, and the conﬁningraction of the jacket at the base
of the jacket. It is interesting to note, however, that the circumferential tensions
were of approximately equal magnitude near the two ends of the jacket. The
peak circumferential tension at the toe of the jacket was 45 ksi, whereas the —cir—
cumferential tension was 42 ksi near the top. The relatively large circumferential
stresses near the top of the jacket may be due to a continuity of column curvature
inside the stiffer jacket causing local bearing of the column on the jacket, thus
inducing the large circumferential stresses in the Jacket. The yield strength of
the jacket based on tension test'; of two inch wide strip was 47 ksi, as given in
Table A.1 of Appendix A.

Figure 4.21(a) and (b) show similar circumferential stress distributions
" on the jacket of column 6 during the push cycle. The north generator showed
a relatively uniform distribution of circumferential tension., In contrast, large

circumferential stresses were measured on the south generator especially near

<&
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‘thetop and boftdm'of the jacket. F.igﬁre 4.21(b) siiows zI3, circumferential tension
at thclal toe of the‘_jla‘cket’ larger than the yield strength of the jatk(;,t which was 54 .
~ ksi. ‘This‘ was not a _resﬁlt of strain-hardening, but was due fo the 1arge-vertical
tensile stré.iplrneasured near the toe and the élliptical nature of Von Mises yield
criterion used _'for'stress-strain conversion tseé Figure B.2 in Appeﬁdix B). Note
thdt, compare& t'o. column 4, fhe ciréumferenfial stress distribution on the tension

generat&r of the jacket of column 6 was more stable near the toe of the jacket.

'4,3.1.3 ‘Circumfe"rrential Strains - Column 5

Since onl& horizontal s'trainbgages Wefre‘i.nstalled on the jacket of column
| 5, the data will be pfesentéd in Iterrns of meas;ur.ed strains. Figure 4.22(a) and
(b) show the distributions of Icircurﬁfereniial strains on the north and south gen-
erators of the jacket for colurvnnv,5 during the pursh cycle. Né;ce that the top strain
' gage was not installédl.on the south generator of the jacket and thé vertical scale
on Figure 4.22(b) has been gniarged to cover only half _of'the‘jacket. At p =1,
circumferential strains are less than 100 % 107% at all locations, but theré is a
substantial incréase n strains ‘between ,u = 1 and y‘ =, “2, i)articularly én the
" compression gener_atbr. A relativé Alarge increase of circufn.ferential ‘strai.n was
also noted on both genera;ﬁors of the jacket from displacement ductility factor>
of u =v4'to 6. The magﬁitude of éil;cﬁm'ferential strai'r.lls_ was about twice as
large oﬁ the comp.ressio.n‘genverat'ér_ as on the tension generator. This is of course
" associated with the larger lateral dilation of concrete in compression. On the
north generator, only the lower half of the jacket showed_aﬁy signiﬁcant residual
circumferential strains. Tilé south’ generator ‘s‘hov&ed circumferential strainé as

high as 1900 x 107¢ 6ccurring near the toe of the jacket at-,d = 6, indicating that
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the jacket was functioning as intended to contain the failihg lai)-splices.
4.3.2 East-West Generators (Shear Strains)

The ciréumferentiai strains on the east and west éenefa,tors of the jacket
for column 2 are shown in Figﬁre 4_.‘23(3').and (b) These locations are subjécte_d
to the circumferentiallstresses due to shear erées as well as Ithe_ restraint due
to confinement of the compression zone by the jacket. Both directions of lateral
loading were included in the plot‘. Similar distributibn of circumferential strains
Were noted for.the east axlld‘west :genelrators. Th;e larg‘esf‘cirrcumferential strains
occurfed at the -tcie of the jacket, with # maé;ni'tﬁde of 500 ><' 107® being recorded
at p=3. The strain at the top of the jacket was about 75% of the strain recorded
at the toe. | | |

The circufnferéntial strain'distributions.oﬁ the east anci west generators |
of the jacket for colun:ln 4 are shown in'FIigure_- 4.24(&) an'dﬂ (b). Tensile strains
‘ éccurred over the entire length of jacket except at mid-height of the west genera-
‘tor where a x-rery small initial cdmpressive stfain Waé meaéu;r_éd at 4 = 1, possibly
due fo thermal effecté. In the toe region, the cifcumferential strain was about
twice than that near the top of the ja.cket. The largest ténsile stre;.in was about
1000 x 107® i.e. a 62 % of yield strain.

‘The jaéket for .col‘umn 6 exhibited simila’r distributions of_circumferentiél ‘
strains to Ithé c;thgr two retrpﬁtted colurrins,l as seen in Figure 4.25(2) and (b).
There were, however, slightly largef clir.cumferential strai.ns'ne'ar' both ends of the
jacket when compared to f:olumn 4. The Emagﬂitude of tensilé‘strain near the toe

was 1100 x 107°.
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Figure 4.23: E-W Circumferential Straihs on Jacket of Column 2
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Figure 4.25: E-W Circumferential Strains on Jacket of Column‘ 6
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4.4 Longitudinal Bar Strains
'4.4.1 . Starter Bar Strains Versus Displacements -

Figure 4.26 and 4.27 show the variation of extreme starter bar strains
with column latefal displ‘acemenfs and the yield stfaip'indicated as éy for refgr-
ence. A propbrtionagl:increase of strajnwkas (.)bservléd fo: di:splacernent less than

0.8 inch. Early bond failﬁré at the la.pjs:;")lic‘e 'regi'gn resulted:in‘smaller strains be-

ing developed in tHe starter bars of the "as-built and: pa;tialiy _retroﬁttea columns
. than in the full retrofit columns;.eyeﬁ for disblace.ment less than'p = 1. Column
"1 showed the st.';xrlte;_. baf ‘sf‘:ra-in réaching yield at a displacement of 1.3 inches, .
_ \a;hilé the peak strain in ‘COIIVumn 5was only 80% of the yield st?rajn. In contfast,
the fully ‘jacke‘tedrlcolumhs (column 2 and 6) exhibited a very rapid incréase in-
Istrdih at‘y' = 1. Significant residual tensile strain was noted in column 6|'aft_er
the initial excursion beyond yield in the push difection.

Note that in Figﬁre 4.26(a) and (b), column 5 shows a change in the

'strain of the north starter "‘Da.rs froxﬁ compre_:ssi\{e ‘to ter;sile'as displacements were |
‘ 'ipcreased in the pull diré;;ti;Jn, even though no yield excu‘rsion. was evident dufing
the éntire load hist‘ofy. The aﬁo;ﬁaly may be attributed to cha1~bending ofl the
starter Bar in the compres'sion zone as a result of large local curvature at the
coh'unﬁ basé. Stra,iﬁ gages FWére installed on.the‘ starter bars facing inward, and
"1in spite of overall compression, in the bgr, tension waé developed by local bending
011  the strain gz'_mg;e_‘ face. In the tension zone, however, the starter bars were
- subjected to less severe b"énding.; as a result of wide base crack and‘lthe ﬁeutral
axis'depth beiﬂg closer to the compression zone. Similar, though less dramatic

behavior is exhibited by the éolurnn 1 starte: bar in Figure 4.27. Note that the
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envelope for column 5 showed a more gradual degradation after p = 1 than

column 1.
4.4.2 Strain Profiles
4.4.2.1 Column 1 - ’As-built’, With Laps

Figure 4.28(a)} and (b) show the étrain profiles of the sections as measured by
the strain gages at the base of the column and at top of the lap, respectively.
Near-linear strain profiles were appémeﬁt in Figure 4.28(a) at low levels response,
up to a displacement ductility factor of z = 1. Strains exceeding yield was noted
in six of the outer most bars on the tension side at p = 1. The neutral axis aepth
was about 10 inches at it = 1.5. Tensile strains due to local bending of starter
bars, discusséd above, was evident in the compressive zone at ,u =2, |

The strain profiles at the end of the laps showed smaller slopes, as ex-
pected, since the section was subjecfed to a smaller bending moment. The near
linear strain profiles are also apparent at low ductiliﬁes. Note that substantial
compressive strains of &~ 3000 x 10~® were registered by the extreme compressive

steel at = 1.5, and may be a result of local bending in the bars.

| 4.4.2.2 Column 3 - As-built’, No Laps

The strain profiles at the base section and at 12;.5 inches from the base
of column 3 are shown in Figure 4.29(a) and (b) which have been plotted with
a'larger vertical scale. The linearity of the strain profiles at low ductilities is
more disiéinct than with column 1. A large increase in the curvature at the
base section, as signified by the slope of ‘the strain profile, occurred between

displacement ductility factors of p. = 1 and 1.5. Substantial tension yielding up
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to a strain of 14000 x 10~° was observed at u = 1.5. There was also noticeable
yielding in the extreme compressive steel. At ductilities greater than p = 2, the

extreme fiber strains exceeded the range of the data acquisition system.

4.4.2.3 Column 6 - Retroﬂt, No Laps

" The strain profiles at the base of the column and above the steel jacket
“for column 6 are shovx}n in Figure 4.30(2) and (b). At the base of the column,
| tensile strains as high as 8000 X 1»0"6' were measuted in extreme ténéion steel at
the early stage of p = 1. The increase in séction curvature from y = 1 to 1.5
was also more ra,pid than the previous ’as-built’ columns.- The observation is
consi&lztent_with.the increased cgfvature.measured by the ligeaf potentiometers,
discuss‘ed in Section 4.2. Extreme tension reinforcement st?ains were beyond the
operating range of the data Acquisition system forl w2

Figure 4.30(b) shows smaller strains above the steel jacket; The éxtreme
tension steel however exceedea-the yield -strain at p = 1.5. First yielding of
extreme ‘compres‘sive steel was evident at. =2/ Compared to the bE;.SG se‘ctio‘n,
the strain profile above thé jacket showed a more gfadﬁal increase in slope. There
was ho@;evér substantial .épread‘ of yielding ‘ac.ross thersection at ¢ = 6. The strain
profiles indicate that compression straing at the gxtreme cofnpreséion fiber ‘of tile
concrete were always less than the cruéhing strain of the ‘concrete, taken to be

5000 x 107°.

4.4.2.4 Column 4 - Retrofit, No Laps

" The strain profiles at the base of column 4 are shdwn in Figure 4.31(a).

Unlike column 6 vp;hich showed large tensile strain in the extreme tension steel at
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the early stage of 4 = 1, this behavior was delayed for column 4 ﬁntil @ =15
Thisimay be at‘tributed to the increase in curvature at the base section due to
stiffening effect of the lap-splices in the longitudinal steel in column 6. Even
though strains exceeding 8000 x 10=6 were noted in the tension steel at p = 1.5,
these values are smaller than strains recorded for column 6 at the same ductility
factor. |

| Strain profiles above the jacket of column 4 are shown in Figure 4.31(b).
The profiles were similar to those of column 6. Yielding in the extreme tension
reinforcement is noted at p > 2. The strain gages in the compression zone for
the push cycle failed during construction of the column, except in the extreme
location. Also the reliability of the strain gage at mid-section of the column
which showed values within ¥10 x 107® throughout the entire test is doubtful.
Moment-curvature analysis had indicated a neutral axis depth of about 8 inches

or less (see Section 5.5), which does not agree with the measured strains.

4.4.3 Strain Penetration in Footing -

The starter bars of column 6 were instrumented with strain gages to determine
the extent of strain penetration into the footing. Figure 4.32(a) and (b) show
the distributions of starter bar strains in the footing for the extreme north and
south starter bars. For tlhe north starter bar in Figure 4.32(a), strains decreases
linearly with depth at lateral forces of 27.5 and 40 kips. The distribution at
p = 1, however, showed deviation from a linear profile due to large yielding strain
develéping on top of the footing. For the south starter bar, linear distributions
were noted up to g = 1, as shown in Figure 4.32(b). Both the north and south

starter bars show strains near yielding in tension at depth of 5 inches at u = 2
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and these strains decreased to below 850 x 10~° ailz depth of 10 inches. The strain
gage at the depth of 5 inches was lost after p = 2, and subsequent starter bar
strains at 10 inches depth weré not plotted.

The slopes of the starter bar strains, when multiplied by E,Ap/Zher,
- where E; = elastic modulus for_ the reinforcing bar, Ay and Z;,, = cross-sectional
area and perimeter of the reinforcing bar respectively, gives an estimation of the
bond stresses in the bar. In this case, 4, = 0.44 in® and .Eba, = 2.36 inches
for '#6 bar, and E;, = 28.7 x i06 psi (Appendix A for steel properties); thus a
multiplication factor of 5.35 x 10° psi.in is appropriate. For instance, the bond.
stress for the north starter bar, which shows a best-fit sloplerof 110 x 1‘0'6/in at
a lateral force of 40 kips, is 110 x 5.35 = 589 psi or A2 8\/z where f!, = 5425péi
for column 6 (see Table A.lin Appendix A). Table 4.2 summarizes the bond
stresses fbr the north and south starter bars in tension and compreséion. It can
be seen that the bond stresses, which reflect strain dissi};)ation in the stafter bars,
increases with the lateral displacements of the column, and are largel; for tension
str;ains than for compression strains. Thé strain profiles indicated maximum bond
stress of about 15/ f., in tension. Note that the basic development length for

reinforcing bar, as required by the ACI 318 Code [38], implies a bond strength
of 10.7,/f1_ for #6 bars. |

4.5 Hoop Reinforcement Strains

Strain gages were installed on the hoop reinforcement in the four principal direc-
tions; the gages at the north and south generators were intended to monitor the
confining effect of the hoops, while the gages on the east and west generétors of

the hoops were to monitor shear influences. Note that different scales have been
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" Table 4.2: Bond Stresses for Starter Bars in Fobting

Load North Starter | South Starter
27.5 kips 268 psi - - -246 psi
-27.5 kips -230 pst 182 psi
- 40 kips 089 psi. - =300 psi -

- =40 kips -273 psi " 460 ps1.

o= 1 81lpst . | -369psi- .
p=-1 | - -589 psi ' 605 psi
p=15 963 psi: -451 psi
p=-15 -856 psi 675 psi
u=2 1116 psi . -506 psi
p=-2 - -836psi. | 675 psi

used for {:he retrofitted .;Lnd ’a.s-buil‘t“f columns; and ﬁosit_fve U Aenotes the push
direction of ldading, while. negative u denotes the pull..direljc_tion of loading. It
: shoﬁld also be noted that, for the push cycle, the noi'th gene;ator_'corresponded
to the 10ngitudiria,1 tension ‘face of _t>he coiumn, while fhe south geﬂerator corre-

| Sponded to the longitudinal compression face of the column, and vice-versa.
' 4.5.1 North-South Generators

- 4.5.1.1 Columns with Lapped Starter Bars

(a) Column 1 'As-Built’

Figure 4.33(a) sh_ows the hoop reinfofcement strains measured at different
height on the north generator éf the hoop feinft.)rc_ezfnent in columh 1. A dra.mé,tic
increase of tenslille‘ strains occ,urfed in the secéﬁd hdop ‘betWeenv displacement
leuctility factors of p =. 1.5and 2. The tensile strains were lafger in- fhe push than
in the pull d1rect1on at u = 2, even though the north generator had corresponded

to the tension s1de of the column in the push chrectmn mdlcatmg that the strains
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were assoclated Wiﬁh the bond fa.iluxh'e ét the tgnsioq laps. A tensile strain as high
55‘6000 x 1076 was -recor‘ded‘ in the second ho‘op:at. =2 in the push direction.
The first hoop showed a smaller strain of 1500 'x 107%, due to restraint by the
féot_ing. The third h;op,,being close to the end of the lap-splice, was less aﬁ'écted
- by fhe bond failure and héhce exhibited émaller tensile strain. If is of interest
to note that the hoop at level 2 was capable of sﬁstaininé Strains considerably

in éxc‘ess of yiela; despite the ends being lapped in the cover c‘;)ncret‘e. As noted

eérliver in Section 4.1.1, the second hoop  fréétufed dur_ing"vche éécond puil cycle

to' p=4. o |

The hooia reinfércemeﬁt strains on the south géneratoi of column 1 is

shown in’Figﬁre 4:.33(b). :The strain gages on the 9% and 10 hoops‘were damaged

during coﬁstruct‘iqn of the column and the strain gages on ‘tlhe'bqtt‘om four hoops

on the south generator were not operationél after y = 1.5>. Despite the loss of

ciaté,, a near uniform distribution of ‘hoop reinfbrcement straiz;s was evident at

u = 1. There was, however, a significant inéreaz:;.e in hoop reinforcement strains
- between g = 1 and 1.5. Unlike the north'genérator, the third hoop registered a
| largef increase in strains than the second hoop. Up to the stage of u l= 1, the
‘recor‘devu.:l ‘strajns‘.\.vere larger in the push than in the pull dir‘ection forlail‘ the hoops
as a result of lateral expansion of the conérete :compression zc;ne. At u - 1.5,
héwever, the hooﬁ reinforcemenf strains begame reversed and were largef in the
pull direction for t/he bottom three hoéps, pfiﬁarily due to the dilation associated

- with splitting cracks generated by bond failure at the lap-splices.
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(b). Column 6 'Retrofitted’

The hoop rei'nforcement"streins on the ndrt-h generd_ter of :column 6 is
shown in Figuree 4.34(a). Unlike column 1, the tensile stra.ins.were larger in the
pull than in ‘th.e pesh direction primarily due to coeﬁnement action of the jacket.
Since ‘there was ne bond failure at the lap;eplices, t;he tensile strains in the hoops
were caused by the lateral dilatiop of: c_oncréﬁe ie‘\co.rnpression. Even though not
apparent in the enlarged scale for the retrofitted column, the presence of the steel
jacket eigniﬁcantly reduced the magnifude of the hoop tension. For example, at
w= Z,A the second hoop showed a tensile strain of olr‘lly 10% of that measured in
colqmn 1. All instrumented hoops indiceted strains below Sfieid for displacement
‘ductility factor up te p = 6, except for the ﬁrsf hoop thch was located at 2.5
inches abovethe footing. ‘As obse‘rv-ed in’Ché,pterléll‘, the progressive spalling of
cover concrete on top of the footing and inside the jacket after ,u = 5 led to
the buckling of 'longituai_nal bars which induced Iarger tensile strains in the first
hoop. |

"I_‘he hoop reinforcement strains on the soufh ‘generat_or. of column 6 are -
shown in Figure 4.34(b). The strains we‘re‘\vrery similar to that ebserﬁed for the .
northlgenerato; except the megniteeiee were reversed for"the two‘ directions of
loading.. All recorded hoop strains were below yield up to u = 6,'except for the
" first hoop which showed first vielding at u = 3, The hoop strains immediately
above the jacket were slightly larger than the hoo'p strains ir;side Ithe jacket for

4> 3 due to the termination of confinement by the steel jacket,
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4.5.1.2 Columns with‘ Continuous Reinforcement

(a) Column 3 'As-Built’

Figure 4.35(a) shows a relatively uniform distribution of hoop ;‘einforce-
ment strains on the north generator of column 3. Larger hoop reinforcement
strains were recorded on the tension generator of the column. The hoop stré,ins
were however below yield at g = 4, indicating bond failures at the lap-splices of
the hoop reinforcement, since cover spalling and longitudinal bar buckling were
apparent at this stage. It must however be noted that t'he second hoop which
was not instrumented, was able to sustain vield of the hoop bar until fracture at
¢ = 5, as noted in Sectio;l 4.2.

Figure 4.35(b) shows larger hoop reinforcement strains being recorded
on the south generator than on the north generator of column 3. The ﬁré;t hoop
showed a tensile strain of 2000 x 10~ at u = 3, compared to a hoop strain of
1500 x 10~® being recorded on the north generator at g = 4 in the pull direction.
The larger recorded strains seemed to suggest an earlier compression buckling of
the longitudinal reinforcement on the south generator, and mjghf be due to an-

unintentional eccentricity of the axial force on the column.

(b) Column 4 ’Retrofitted’

The dlistribution of hoop sfrains on the north generator of column 4 is
-shown in Figure 4.36(a). The first hoop registered the largest strain on the north
generator with a magnitude of about 900 x 10~¢ aﬁd very small strains (less
than 200.):14 107°) were recorded for the hoop at mid-height of the -steel jacket.
The north generator corresponded to the longi'tudi.ﬁal tension face of the column

during the push cycle. In the pull direction of loading, however, large increase in
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the hoop reinforcement strains were recordéd for the north generator. ‘The first
hoop, as a result of Ispallin;g of concrete inside the jacket near the toe, registered
strains beyond yield of _the hoop steel for 1 > 3. The hqop reinforcemeﬁt strains
af the mi‘d—heigﬁt of the jacket increased to 5bout 550 ->4< 10'6 at u =4, primérily
due fé the lateral ailétioﬁ of concrete in the éoz#preésion zone. 'INote that the
‘ di'stribufion of hoop reinféfcemeﬁt_ stfains_is similar to fhat-‘of c;)Iuﬁln 6 with .
;ab_out' the same: magnitude being noted a,;ﬁ mid-height of ’tflle\ jacket (compare
Figure 4.34(a) a,nd Figure 4.36(a)).

Ti‘xe distribution of hoop-reiﬁforcerﬁént strainé on the south generator
of | column 4 is shown Figure 4.36(b). The distribution of hoop reinfofcement
strains were similar tb that on the north generator, except for a reverse in strain
magnitude for thé two direétions of loading. Réiativély large increase in the
h<‘30p reihfofcemen’c straj‘ns was obéerved for the south generator of the bottom
 two hoops. .Th,‘e largest tensile strain recorded was .in the first hoop with first
yielding occurred at g = 3 in the push ;iirectiqn of loading. Comp’ared to columﬁ
6, the hoop reinforcemenf strains at mid;height of the jackef were slightly smaller
for the same ducfility factor. For instance, at p = >4', the hoop strain at mid-
height of jacket for column 4 was abbut 550 x 1078, whereas the Stfain in _columﬁ

6 was about 700 x 10—'6.
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4.5.2 East-West Gerierators |

4.5.2.1 Columns with Lapped Starter Bars

(a) Column 1 'As-Built’

Figure 4.37(a) shows the hoop reinforcement strains on the east generator
of coiumn 1. Significant tensile strains were recorded on the east generator in
the bottom three hoops of column 1, as a result of bond failure at the lap-splice
of the longitudinal reinforcement. The magnitude of tensile strains were however
smaller than those measured on the north and south generators. For example,
at 4 = 2, the la,rgesf tensile strain noted in the third hoop was 3800 x 107°,
compared to 6000 x 10~° on the north generator. The tensile strains in the third
hoop on the east generator increased significantly to 5800 x 107 at y = 3. The
first and second hoops, hoﬁever, showed only half the magnitude measured by
the .third hoop. Negligible tensile strains were noted above the sixth hoop.

Figure 4.37(b) shows the hoop reinforcement strains on the west genera-
tor of column 1. A similar increase of the hoop reinforcement strains was noted
‘between x4 = 1 and 1.5, indicating bond failure at the lap-splices of fhe longi-
tud.inal steel on the west generator as well. Tllme largest strain recorded was in
the third hoop, with magnitude 4500 x 10~° at p = 3; slightly smaller than the
magnitude recorded for the corresponding east generator. A compressive strain
of about 500 x 107° was noted initially at z = 1 ét the mid-height of jacket,

possibly due to instability of the particular strain gage.
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~ (b) Column 6 'Retrofitted’ |

The hoopv reinforcementAstlrains on the east gener’ate'r of column 6 a.r‘el ,
showrl in Figure 4.38(a). Compare to those of ’as—built,"colun‘rm 1,a very effec- |
t-ive suppression of re‘infolr.celment hoop strains by‘ the steel ja'cket‘ was evident,
as can be seen by companng FIgure 4.37 and Flg;ure 4.38. The largest hoop
reinforcement strain recorded on the east generator of column 6 was 1050 x 10~,
occurring in the first hoop at 4 = 6. The magmtude Wae below. the yleld stram
of the hoop steel, and represented only ‘70% of the largest stram observed for the
east generator of colum.n 1. I |

The dramatlc suppressien of..hevop reix‘lforcemenf‘ strains by the steel
jacket- was repeated on the west generator, Ias carl be seen in Figure 4.38(b). The
.largest hoop reinforcement strain recorded on the West generator was 1250 X 10

only slightly larger than those mea,sured on the east genera,tor

4.5.2.2 Columns with Continuous Reinforcernent—

(a) Cblumn 3 ’As-Built’ o

The hoop relnforcement strains on.the east generater of column 3 are
'shown in Figure 4.39(a). The strains were smaller than that on the corresponding
generator of column 1, as can be seen by compamng Figure 4.39(a) w1th Figure
4.37(&). The third and fourth hocps were the only instrumented hoops on the
east generator to show any significant strains. The largest strain recorded was
| 1100 x 1078 ocqurring in the fourth hoop at I,u = 4, but wae:gelow vaield of the
hoop steel and was only 18% of the“largestvstrain recorded on the sallme gerlerator

for column 1. Compression ‘bluek_lirig‘ of the longitudinal'reinforcement at p=4
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-‘ induced significant tension in the hoqps even on the east-west generators.

'The distlribution of hoop réinforcgment _straiﬁs recorded on the west gen-
- erator of column 3 was similar to that qn‘the east génefator, as can be seen
in Figure 4.39(b). The largest hoop'r‘ein‘forcement strain cir;curred in the fourth
hoop, with about the Sa;ne magnitude (11.00 x 1076) as the east generator. T‘he
st‘ra,in gage on the west generator of thé first hoop was damaged 'during the
construction of the test uﬁit. |

(b) Column 4 'Retrofitted!

" The suppression of hoop reinforcement strains by the stéel jacket was
equally pronounc_ed in colﬁmn 4, as shown iﬁ Figure 4.40. The hoop reinforcement
strains on the east and west generators. of cqlumn 4 were sliéhtly smaller thén

those on the corresponding generators of column 6, as can B‘e seen by comparing
Figuré 4.38 and 4.40. The largest strain recorded on the east generator of column
4 occurred in the second hoop, fvith_a magnitude of abouf 450 x 107°, whereas
thé largest strain for column 6 occurred in the first hoop with a magnjtﬁdé of
1050 x 107%. On the west generétor, the ﬁrst and second hoopsvwerev the only
~ hoops in column 4 fo ;egister any apprecia.ble‘strains. The largestl strain occurred

in the second hoop with magnitude of about 850 x 107 at u = 6.
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Chapter 5

‘Discussion of Results

5.1 Summary of Results

A summary of the test results is presented in Table 5.1. Note that the parameter
5 denotes the displacement ductility factor at failure of the column. The exper-
imental yield displacement for repaired column 1-R was taken to be the same as

in the initial test.

Table 5.1: Test Results

Col | A, V; or V, | Max Force P py | Failure Mode
1 | 1.297” | 52.0 kips | 49.0 kips | 40.1 kip/in | 1.5 | Bond Failure at Lap
2 |1.200" | 584 .. 58.5 .. 48.7 .. 3 | Footing Failure
3 |1.0827 | 493.. | 55.0. 45.6 .. 4 | Confinement Failure
4 (1.084” | 55.9.. 73.0 .. 51.6 .. 8 | Low-Cycle Fatigue
5 |1.160” | 50.3 .. 46.0 .. 43.4 .. 1.5 | Bond Failure at Lap
6 |1.090" | 554 .. 77.0 .. 50.8 .. 7 | Low-Cycle Fatigue |
1-R | 1.297” | 52.0 .. 54.0 .. 40.1 .. 3 | Bond Failure at Lap

The largest yield displacement was .for column 1 with A, = 1.297 inches.
Two factors contributed to the relatively large yield displacement, namely, the ad-
ditional lateral displacement as a result of incipient bond failure at the lap-splice,
and compliance of the ﬂe:lcibly, supported footing. The additional displacement
from footing support on pile;blocks may be estimated from comparison of the
yield displacements between column 1 and 5 The difference of concrete com-
pressive strengths between these two columns must,‘ however, be accounted for.

It is assumed that the yield displacement, A, is inversely proportional to the
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elastic modulus of conlcrete, E., which in tum 1s assumed to be pro;;ortional to
\/:. ‘The yielddispla‘cément for column 5, if it.ﬁrere constructed with the same
concrete as for céhimn 1, would be 1.160” x /5540/5094 = 1.209” (see Table A.1
in IAppendix A for concre:te‘ compressive stfengths). &‘he difference between the
yiéld displacement for colurﬁn 1 and the adjusted yiéld displacement for column
5 ie. 1.297” - 1.200” - 0.088” represented the ag:iditionall .'displa{;emént cjiuel.to
rotation of column 'l-footing being supp(;)rfed on pile-blocks. The difference is |
" equivalent to a féoting' rotation of 0.088”/(144”+9") ;'5.75 x- 107 radians. Fig- |
ure 5.1 shows that a comf)afable footing rotation was measured for column‘ 1. At
=1, the measured rotafions was 5.2 >< 10-* radians, averaged for the two load
directions. | |
The lateral displa,ce.mentf contribution from bond- failure may be esti-

mated by corﬁparing the &ield displacenieﬁts of cohimﬁ 1 ;ﬁith that of column 3
: afterva,ccounting for the 'di‘fferericéa' in cé’nc;ete ;ompressi\{é sﬁrengthé between the
two cqunﬂné and the additional displacerﬁ.ent‘ dué to footi;.lg rotation. The yield
~displacement §f célumn 3, after ‘a,djusting for .the _differeﬁce vof concrete compres-
- sive strengths, is' 1.082” x \/Em = 1.1‘7>2"’. Thus the latéral displacement
contribution from bond failure is 1.297” — 0.088” —1.1727 = 0.037". The contri-
bution Ifrom inciéient bond failure is therefore smaller than that contributed By
footing rotation alxt p=1 |

. The largest lateral folrce measureci was for column 6 at 77 kips; 39%
. larger than the predicted plas;cic lateral force V, of 55.4 kips. The difference
was primarily due 1‘:o-stvrain—ha.rdening of the longitudinal steel. The maximum
lateral force predicted By moment-curvature analysis, using the actual measured

ultimate tensile strength of the Iongitﬁdiﬁal‘ steel i.e. fo, = 1.58f, (see Appendix
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A for steel properties), is- 72 kips. When the measured lateral load is corrected
for the horizontal component of thé applied vertical load, estimated to be aboﬁt
5%, agreement between predicted and 6bserved strength is very close.

The potential shear strength contribution from the steel jacket is large
compared to the applied lateral force. By éubstituting fyj = 54 ksi, t; = 3/16
inch and D; = 24.875 inches“into Eqn. 1.17, the shear force capable of being
resisted by the stt;,el jacket is V; = 386 kips. The critical region for shear thus
comprises the upper region of the column outside the steel jacket. The shear
strength ca'n‘be assessed in the conventional manner as the sum of resistances by
coﬁcrete ;md internal hoops. The concrete contribution V, may be taken from

the ACI expression [38]:

- P |
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where A, is the effective shear aréa, and is taken as 0.84, [35]. The shear force
resisted by the internal hoops may be given by [6]: |

‘71' o d, - | -
'Vlsé = EAshfyh? : . N (52)

Using P = 400 kips, 4, = 452 in? and f, = 5425 psi for column 6 in Bqn. 5.1
gives V = 76 9 kips. The substitution of A,, =0.05 1 in? fyh =51 ks: d, =222
inches and s = 5 mches into Eqn 5.2 gives Vs of 17. 7 kips. Thus the ideal shear
capacity of the column excluding the steel jacket contribution is 94.6 kips, about
‘22%‘ larger the maximum ;lrear force noted in column 6. | |

| The compar_ieon between the le.teral stiffﬁesees of cd‘lumn 3 and 4 offers
fhe best estimate of the stiﬁ'qess increase as a result of a fully grqufed steel jacket,
since no bond faiiure or footing rotation were invoived It ea.n be seen from Table
5.1 that the stlffness increase due to steel 3acket1ng was about 13% However :
since the concrete for column 4 had a compresswe strength approx1mately 15%
higher than for column 3 -some of the stlffenmg eﬁ'ect will be due to the increased
compressive strength

The lateral s’grength envelopes fer all coiumns with lapped starter bars

- and continuous reirrforcement are shown in Figures 5.2@) and (b), respeetively.
The ”drar:na,tic improvement of ﬂeXurel ductility provided by -fulbr greuted steel
-jeckets‘is "apparent in theee plots. Also the more gradualdegradation of leteral
strength ir1 column 5 as a result of par;oial refreﬁt when compared to ’as-built’

column 1 is obvious in Figure 5.2(3;).
5.2 Asymptotic Strength of *As-Built’ Lapped Columns

The lateral strength envelope of Figure 5.2(a) shows that, at large column
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displacements, the lateral'strength of column 1 degraded asymptotically to about
20 kips. The following analysis is carried out to compare the asymptotic strength
with the lateral load resisted by the applied axial load.

Figure 5.3(a) shows the base section ;)f the column when a complete bond
failure in the lap-splice region has occurred. The effective diameter of the section
has been reduced to the inside of the longitudinal steel. To obtaiﬁ the moment
resisted by the axial load, an iterative process is employed in which the section is
divided into a number of strips similar to that used by King [36] and using a linear
strain profiie across the section. For a‘g'iven extreme fiber compressive strain,/
¢., the depth of compression zone is determined from the equilibrium of vertical
forces. The non-linear stress-strain curve for unconfined concrete proposed by
Mander et al {21] wﬁs used for the concrete compressive stress. A unique moment
can be computed once the compression zone depth is known. Note that since the
loadstub rotation is small and the bar forces almost passes through the center of
. column, the vertical force at the base‘section may be taken as P. Figure 5.3(b)
. shows the variation of moment as €. was increased from the uniform compression
strain to the spalling strain of unconfined concrete. A peak mc;men‘g of 2807 kip.in
was obtained at about ¢, = 0.003 which translates into a lateral erce of 19.5 kips,
and approximately corresponds to the dégraded lateral strength of column 1 at

u=4.
5.3 Weak Footing Failure Mechanism

The brittle failure of the weak footing in column 2 is disturbing and the cause
for the failure warrants further discussion. A moment-curvature analysis carried

out at the base section of column 2 shows that a resultant compressive force
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of C. + C, = 739:8 kips and .t‘ensile force of Ts'% 339.8 kips. are required for
developing the maximum 1a£e_ra1 force nptéd ‘dﬁri_ng testing of colﬁnn 2. The
résﬁltant forces are shoﬁn in Figure 5.4(a) and (b) The. compressive force is
mainly resisted by a major diagonal strut € con;ﬂecting the cpmpreséion zone of
the column to j:.he.nearest’pile block. The tensile forcefTs'is-tfansferred to the
footing b}lf bond and is;eqﬁilibratéd"by a te-nsion fan T} and two minor compressivey
fans- ie. C, fa.dia_tihg-from the compression éone in fche colufpn and_Cg which fans _
- from the other pilel-block.‘ A horizontél tié force of T, is required in the bottom
o reihforcenjent of :the footing to mainélain ov;arall equilibrium.- |
Figure 5‘.4(b\) shows an equivalent strut and tie model for.the footiﬁg. It
_is- assumed that the tension force Ts djmiﬁishes to zero by bond at depth of 14
' incﬂes. The node for application of T, is t.akenl as 7 inches i.e. half ﬁhe BQn'd
length, below the critiéél"column section. The equilibrium of forces in the truss
_reqﬁires significant 't-ie forge‘ to‘be déveloped in the colu-mﬁifoétiné jbint, For the
chosen truss geozﬁetry, a tie force of Tl = 420 kips is required. The Bori'zontal
- .component of T} is 398 kilpls. Note that the magnitude of thé tie force Ty i_npreaées
with tiie e_mglé.of tile tie. Fa;ilurle occurred within the joint region uhder-the
column perpendicular to the tension force T}, as a consequence‘o.f;'inadequate
, joint ‘shear reinforcement. The colﬁmn/footing joint is a‘n:.aildgous to an extériorl
- beam-column joint in a reinforced copérete building frame. Hoﬁever, the practice
of bending the column bars radiali_y ou.i;w:_a.rd‘s‘ at the bottopﬁ of the footing (see
‘reinforce‘mént détails in Figure 2.1(@))"’50 provide..s‘t.ability to the 'réini;o;cement-:
- cage and for ease of bar i)laceme"nt, ;esulté in an unfavorablé situation where any
joint shear failure is immediately accompaﬁied by- total féoting collapse. ‘Since

the tension force in the longitudinal reinforcement is transfe‘rred to the 90° hook,
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thfel outwara bending of fhese bars p;ovidgd no. restraint against thérpropagation
- of thé diagonal joint cfack to the base of thé fébting. Goodlpractice in reinforced
concrete, frame‘designr would requife the beam reinforcement to be bent into the
jointl to provide a reaction to the compressive force Cs "(Figure 5.4(a)) at the
7 ‘behd, should the tension capacity of the tie T be ‘exceeded.

A;;, bdinted out earlier; footings for thé femainin’g columns were designed
to rcarry vth‘e“er.ltir'e tie force T} by dia,gdn_al reinforceﬁle‘nfl;, as shqwn in Figure
21(b) "Thé“ diagonal reinforcement in footing of cqlﬁﬁn 4 was instrumented
‘with strain gage's.. Figure 5.5 shoﬁs ‘t>he variation of strains in the aiagonal
reinforcemeﬁt‘with displacement. "I“eunsi‘le- straih ccirrespoﬁding to a stress of 26

.ksi-(or T, = 123 i{ips) was develop“evc‘l-‘in'the d.iagon‘al‘ ;‘éinforcemént at p="7. Tt
. shoﬁld be noted that the tié for(;e Ty had Beeh reliev_ei:d“by pla?:ing the footing in

. uniform bearing instead of pile-block support. .
5.4 Equivalent Plastic Hinge Length

The measﬁrement df curvatures allowed an 'equiv‘alent i)lastic hinge length to be

’de.ﬁned. By assuming that the post-yield deformation of column is achieved by
the formation of’a plastic hinge, of length L, at the base within which curvatures
are equal to thé base curvatures, thé lateral displacement /_\. of the column may
" be written as: |

A=A, +6,(L'—05L,) | (5.3)

where L’ is the colimn height, and 6, = (¢ - qéijp denotes the plastic rotation

when curvature ) exceeds the yield curvature ¢,. Eqn. 5.3 can be rewritten as:

Ay .
¢ — &y

L= L -2 ) “(54)
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Thué an experimental definition of the equivalent plastic hmge length L,
can Be made when the measured curvafures aﬁd experimgntal yield displacement
A, are used. It should be noted thaf @y is the measured c“m'vatrure at u=1.

Fi’gvure 5.6 showslth.e relationship between equiva.lént plastic hinge length
and displacement ductility factor fo: columns 3, 4 and 6. It can be seen that the
plastic hinge length increases more r@pidly with disp‘lacemvent dﬁétiﬁty factor for
the ’as-built’ column than for retrofitted colﬁmns. It has been propbséd [39] that
for ’as-built’ columns, the equi;fale'nt plastic hinge length may be approximated
by o S :

| L,=008L'+6d, O (5.9)
where d, denotes the longituainal bér diaméter_. In Eqﬁ. 5.5, the second term
reflects the increase in effective plasticjl.ligg‘el length with strain péenetration into
the base, whi(;h‘is proportional to Bar diameter. It can be seen from Fig‘uré 5.6
_ that the experimental plastic hingé length cbmpa;res Well with prediction of Eqn.
5.5 fcn; o> 3; Since the presence‘ olf "the steel jacket restricted the spread- of
curvatures up the column, it gpi)eared reasonable to ‘-elxpect straiﬁ peﬁetration
into the jacketed region to equal that into the footing, given;a.s 6d;, above. Hence

the equivalent plastic hinge length for retrofitted column is expected to be:

~

CLy=12dy+ v, (5.6)

. where v, denotes the vertical gap provided between the toe of steel‘jacket and
" top of footing. It is seen from Figure 5.6 that Eqn.“v 5.6 slightly overestimates the

plastic hinge length.
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5.5 Neutral Axis Depths

“In this section the neutral axis.depth predicted by the moment-curvature analysis
carried out for the base section are compa,red with that measured by the strain
gages on the longitudinal reinforcement. The experimental neutral axis depth
was estimated by a best-fit line t-hrlough the strain profiles presented in Section
4.4.2. The momeht-curvature analysis used the Mander’s model for confined
concrete [21] and adapted here for retrofit with a steel jackét.

- Figure 5.7(a) and (b) show the comparison of theoretical and measured
neutral depths for ’as-built’ column 1 and retrofitted column 6. It can be seen
that the measured neutral axis depths were slightly larger than the predicted
neutral axis depths at small lateral loads but otherwise agreement is good. The
measured neutral axis depth for column 1 decreased rapidly from about 20 inches
at a lateral load of 15 kips to 9.5 inches at a lateral load of 45 kips. The neutral
axis depths at beak lateral load of 49 kips (‘i.e. @ = 15) for column 1 was not
included in the plot since it was difficult to estimate the neutral axis depth from
‘the strain profile at that stage. The prediction of the neutral axis depth was

better for retrofitted column 6.
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Chapter 6

Conclusions

The flexural retrofit program indicated that cylindrical steel jackets are effec-
tive in enhancing flexural ductility capacity of the circular bridge columns. The

following conclusions are made:

’As-builtl’ Columns

1. Under seismic conditions, pre'-1971 circular bridge columns with lapped starter
bars in the potential plastic hinge region are likely to suffer bond failure at less
than their nominal flexural strength. The use of 20 times the bar diameter as
lap length resulted in rapid degradation of flexural strength for column 1 after
displacement ductility of p = 1.5 or a drift ratio of 1.3%. The strength degrades

asymptotically to the value resisted by the axial load.

2. For column 3 with continuous reinforcement through the potential plastic
hinge region, the nominal flexural strength of the column was developed. The
displacement ductility factor correspénding to _ﬁrst spalling of lcover concrete
was g4 = 3. Final failure of the column occurred at u = 5 due to inadequate
conﬁnpment of the concret‘e core and the loss of transverse restraint against com-
pression bﬁckling of the longitudinal steel. The degradation of flexural strength
after spalling of cover concrete was less rapid compared to columns with lapped

starter bars.

3. Failure mode observed for test column 2 constructed with a footing reinforced
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with only a bottom layef of reinforcement indicated that the pre-1970 design may
be susceptible to joint shear failure in the region immediately under the column.
Due consideration must therefore be made t0 ensure comparable féqting strength

before implementation of column retrofit by steel jacket.

Retroﬁtted Co]uiﬁns

i, -» Columns providéd with a lstee‘l‘ jacket at a volumetric‘ _co'nﬁnemént ratio of
3.1% in the potential plastic hinge region developéd stable hysteresis loops up to
displéucerﬁent ductility factor ofl,u = T, or adrift fzt_tio of about 5.3 %. Final failuré -
of thé columns was precipitated by low-cycle fatigue fracture of the lqngifudinal
reivnforcement resulting from dteﬁatihg buckling and straightening. Bond failure

at the lap-splices was eliminated.-

2. The use of styrofoé.m wrap as ’cushion in gfoutéd jacket to ldbs;)rb the lateral
e}fpénsion of cové_r concrete ciid not inhibit bond failure aﬁ the lap;splice at u =
1.5. Thé bfeéence of the steel jacket however pre.ve'nted a complete loss of cover-
-concrete, resulting in slightly less rrapid deg‘rladaltiqn of strength Wheﬁ compared
| to the ’asébqilt’ 1ap‘ped colgm.n,l especially at lé.i‘ge displacemehts. 'Signiﬁéant
‘cir‘cumferenti‘al strains were obserx}ed m the jacket at 2 4.. Vertical load carrying -

capacity of the column was maintained up to a drift ratio of 6%.

3. Fully grouted steel jackets increase the lateral stiffness of the column. The
. stiffness increase would depend on the thickness and length of the jacket and
the bond stress at the jacket/grout interface. The increase in lateral stiffness
obtained in this study was in the range of 10 to 15 %.
- 4, Steel jacketing can be effective in post-earthquake repair of columns which
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have suffered bond failure at the lap-splices of the longitudinal reinforcement.
Although the hysteresis response of the»repa,ired column indicated less energy
absorption than that of retrofitted but undamaged columns, the flexural strength
of the column can b¢ restored. A drift ratios of more than 4% was obtained before

a significant degradation of lateral strength was observed.

5. The calibration of curvature measurement supports the expression for an
equivalent plastic hinge length of L, = 0.08L' 4 6d, for ’as-built’ columns with
continuous reinforcement. In retrofitted columns, large ineiastic rotations oc-
gurred over a smaller region and the reduction in equivalent plastic hinge length
to L, = 12d, + v,, where v, = the vertical gap between the toe of jacket and

footing, appears appropriate at this stage.

6. The steel jacket need not be extended to full height of the column when only
flexural retrofit is required. The criterion that the moment demand immediately
above the jacket is less than 75% éf the original flexural capacity for the determi-
nation of .jacket length was successful in ensuring the formation of plastic hinge

at the base of the column.
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Appendix A
Materials and Construction 1

A.1 Summary of Material Strengths

A summary of the material strengths is'given in Table A.1. The concrete com-
* pressive strengths shown were an average of three 6” diameter cylinders tested

at the time of column testing. |

Table A.1: Table of Material Strengths

Col | Concrete | Longitudinal Steel | Hoop Steel | Steel Jacket
éu fy fsu .fyh fyj
1 5540 psi | 45.7ksi | 72.2 ksi 51 ksi 45 ksi (1-R)
2 5600 psi | 45.7 ksi 72.2 ksi 51 ksi 42 ksi
3 4725 psi | 45:7 ks1 72.2 ksi 51 ksi —
4 5520 ps1 | 45.7 ksi 72.2 ksi 51 ksi 47 ksi
5 5094 psi | 45.7 ksi 72.2 ksi - 51 ksi 54 ksi
6 | 95425 psi | 45.7 ksi 72.2 ksi 51 ksi 54 ksi

A.2 Concrete

The test columns were constructed ﬁsing ready-mix concrete éupplied by a localv
company in San Diego. Table A.2 summarizes Ithe mix design for the concrete.
It shoﬁld be noted that a Water-reducing admixture was added during batching
to achieve the slump needed for vertical casting of the columns. Typical slump

values were between 4 and 6 inches at the laboratory.
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Table A.2: Concrete Mix Design .

Constituents ‘ Weight (Ib/yd?)
Cement (Type II) 658
Coarse Aggregate {1/2” Max) . 1651~
'Fine Aggregate.(Sand) . 1302
‘Water ‘ 350 -

"A.3" Reinforcement

The‘stress-strain chafacterisﬁics of the 'reir}forci’ng‘steel for the columns were
determined from tensile tests. S_trein data were acquired dsing a ca_].libra,ted ex-
tensiometer over a nominal geé;e length"of 4 inches.

The stcess-strain curves for the main steel (#6 deformed bars) are shown
in Figure A.1(a). The:yield and ultimate tensile strength, averaged over three
_ baré, were 45.7 and 72.2'ksi, respectively, and the modulus Qf elasticity was 28707
‘ ksi 'The ratio of ultimate toyield strength ulras. Foul fu = 1. 58. St.rain-hardening
occurred between 1. 14 and 1. 73% stra,m w1th an average va.lue of e,, = 1.45%.

- The yleld strength for the transverse hoops was shghtly higher than that
of the longitudinal steel, at 51 ksi and the steel possessed a relatively small
Iultimate tensile strength ie. 61 ksi. The ratio ‘ef ultlicnate to “yield strength,
fsu/fy, was only 1.20. The onset of strain-hardening was also less distinct when
compared to that of the #6 bars. The modulus of elastlmty for the hoops averaged

- 28088 1\51 The stress-strain curves for the #2 hoop are shown in Figure A. 1(b). |
~A.4° Steel Jacket‘ |

The half shells for the steel jackefs Werefabriceted from A36 hot‘—rolled steel

and welded together by a certiﬁed.welder using structural steel-electrodes. Test
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Figure A.1: Stress-Strain Curves for Reinforcing Steel
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Figure A.2: S‘tress-St‘rain‘ Curves for Steel Jackets

: piec-es‘in the form of flat strips (2 inches wide) were or\deréd‘ for tensile tests. The
- stress-strain curves for all the jackets are shown in Figure A2, Note that there
. was considerable variation in the st-ress-strajn curves for the jacket. The highest
‘ yield strength of 54 ksi‘ was noted for column 5 and 6 It should be pointed O;l.lt
that the steel jackets for column 5 and 6 were fabricﬁtéd from the same batch of

3 steel', and are therefore represénted by only one line in Figure A2 -
A.5 Grout

The steel jackets were bonded to columns using a cement-based grout having
- a water/cement weight ratio of 0.42. A water-reducing, expansive admixture
(Intraplast N) was added at a dosage of 1% éement by weight to compensate

for the possible shrinkage. Compression cylinders (2" diameter x 4” height),
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‘ sampiea from each mix of grout and showed an average compressive strength of
. 2200 ps1 at 14 dayé when restrained against expansion caused by the additive.
If the cylinders were left unrestrained, compressive strengths as I'OW»as_IOOO psi .

were obta.ined.‘
A.6 Cbnstruction of Test Columns

The fest units were cc;ns‘tructed in pairs over a period of a'boutl tv;felve months.
Each un.it,was cast in two phases; the foc;tings being éaét first, followed by the
cohtl‘r-nn ﬁortion. Plywood forms were uséci_ for the: foot.i_ng.‘ Six ';rertical hold-
down sleeves were cast ’in the footing- using 1% inch PVC pipeé. In addition, two |
‘8 inch diaﬁﬁ.eter sleeves Wéfe formed in the fooﬁiflg to accommodate the‘ lateral
displacément of the high—étrength bars which passevdi through the footing and
- were useci for éxial load application. ‘Reinforcexlnent for the weak footir.lglwas
assembled into oﬁe mat unit before being piéced in the form. For the strong
footing, it was more convenient to tie £he reinforcernént‘ cage in the form. The
comf).leted reinforcement cage for the strohg:footing is shown in‘Figure IA.B(.a,V)..‘All
reinforcement for the footing was provided with a minirmim }of one inch éo;\rer.
A start-up curb of one inch height, él_s seen in Figure‘ A.3‘(b‘), was constructed
‘together with the "footixllg to-,re'céive the cardboard form for thé circular column.

For columns with lapped starter bars, the rleinforclément was fabricated
: independént of the fooﬁing construction. Thé longitudinal bars were assembled
into a stable cage, as shown in Figure A.4(a), before being l‘ifted and lap-spliced
Witlh\the star‘ter‘bars. In the éase of continuous reinforcement, fhe_ column barsl
were securely tiqd to the botbtorrn reipforcing' mat of the footing prior to casting

of footing.
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(a) Strong Footing Reinforcement .

(b) Completed Footing with Starter Bars

Figure A.3: Construction of Footing



(b) Forming of Column Portion

(a) Lap-Splicing of Column Reinforcement

Figure A.4: Construction of Test Units

PPl
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Figure A.4(b) shows the forming work for the column. The cardboard
tubes for the column were provided witli wax-lining to produce a good surface
finish and for ease of striping after curing. Square patches were cut in the tube
to allow curvature réds to be inserted and tied to the column bars. The cut-outs
were then steel banded back to the form and tightly sealed aga‘inst' the concreting
pressure. Plywood forms were used for the loadstub and were supported by 4”
x 4" timber posts at four corners. Four 1% inch PVC pipes wére cast in the
loadstub for subsequent attachment of the horizontal actuator. ’

The concrete 'fdr the column was- placed in three equal lifts from one
batch of concrete. Weep-holes (3/16” in diameter) were drilled at 12” spacing on
four sides of the tube to allow visual conﬁnﬁation that thorough compaction of
the concrete was achieved. All concrete was covered with wet burlap and left for
at least 24 hours before removal of forms.

The grout; for the jacket was.mixed at the laboratory using carefully
sieved cement. The grout mix was injected using two hand-operated commercial
garcien spray cont ainefs with a capacity of 3 gallons each and capable of delivering
‘a pressure up to 70 psi. The concrete surface was ﬁrsf wet with water before grout -
injectiqn. Four inlets symmetrically distributed along the bottom of the jacket
were used. A complete ’ﬁll of the gap was guaranteed by the grout exiting from
the air vents placed near the top of the jacket. Actual effective grouting pressure

was expected to be less than 20 psi:



App endlx B

Jacket Stress Straln Conversmn
B.1 Theoretical Backg#‘qlin,d |

The procedure of convertmg the strams on the steel Jacketv into stress requn‘esv
: the use of the mcrementa.l theory of plast1c1ty since some of the measured strains
indicate deformation beyond yleldmg of the material. The or1entat10ns of strain
gages are assumed to coincide with the directions of prinéipal strains. Since.the
lateral confining préssuré fl; is small when D_.,-/t]-“>> 0, the steel jacket'is regarded
as iﬁ the state of plane stresé. Itis é.lso assumed that no hafdening occurs in ther ,

steel Jacket which then allows the yield function to be written 1;13:‘
Fe)=0 (B.1)

where & is the stress vector. Upon differentiating -

dF = (gf)Tda' | (B.2)
= &z IR . (B.3)
0 (B.4)

where 4 = % 18 ca.lled a flow vector.

For small deformation, the total strain increment can be decorn.pdsed

into the elastic and plastic components i.e.

dé = d&* + de* | | (B.5)
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where d€, d€°, and de? are/the total, elastic and plastic strain increments respec-
tively.

The elastic strai.n incrérnent is related to the stress increment via Hooke’s
Law:

de#==Ddz | (B.6)

where f)'l is the elastic compliance matrix.
For an isotropic material [40], the matrix D -1 under plane-stress condi-

tion is given by:

1 1 —v 0 :

|- 1 0 ‘ (B.7)
Elo o 214w

where E, v are the elastic modulus and Poisson’s ratio.

-

D! =

The plastic strain increment de? is given by the associated flow rule [41]

which states:

oF |
P = —_—
47 = dA== ~ (BS)

where d) 1s a non-negative proportionality'factor called the plastic rﬁultiplier.
~ Substituting the expressions for dé® and d&® into Eqn. B.5 gives the

incremental relation between stress and strain as:

di = f)-ld&+d,\‘?9—*: - (B.9)
‘= D 5 +dra (B.10)

Premultiplying both sides of the above equation by a7D gives:

a"Ddé = 3d5 +dra"Da (B:11)
g
which allows the plastic multiplier to be written as:
ar = EDE
aTDa

(B.12)
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Substituting the plastic multiplier back into Eqn. B:10: -

-~

a a

de=D"ds + 2—di (B3

which can be rearranged into:

‘ . l 557‘133‘: S N
i = D|1-="—|d¢ -~ (B.14

@ { a,TDé] i (814

= Dvde . S (B
" where
: ) ) o
.D=P5D[1—f‘a.13] (B.16)
. : aT’Da ) A

1s the elaéto—perfeétiy plastic material stiffness matrix.
The yield function adopted for the steel jacket is the Von Mises yield

criterion which is given by:

F(&)=ok+oh “:‘"IO'LUB" —o2=0 (B.17)
B.2 Program Implementation

The incremental nature of vth(‘a plasticity_ thevory AcaIll‘best bé implernented on a
digit;ﬂ computer. Basic stepé ‘in‘the numerical i)rocedure are summarized in
Figure B.1. | | |

For any load increase beyond yield of material, it is -necessa_ry to deter-
mine the portion of the incré’nﬁent that is elastic and the portion that produces
plastic deformati(_)n and then adjust 'ghe stress and strain terms until tile yield
criterion and the ﬁonstitutive laws are satisfiled. To achieve this, the stress incre-

ment is first assumed to be entirely elastic ie.

ds; =Dde (B.18)
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Figure B.1: Flow Chart .For Elasto-plastic Analysis
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where the subscript denotes élasfig behavior. Tile total stress at iteration r is
given by:

6l =35"""+d] \ (B.19)
where 7"! is the conyerged stress fbf iteration r — 1. An effective stress can
be defined in terms of the coq}ponenté of the stress vector and be used to check
against the u;iiaxi_al yield stress o, to seé if yielding will occur. The effective

stress for iteration r is defined as:

5" =\Jol toh—oron  (B20)

When co.mponen.ts of the elastic stress vector 57 is used, the eﬁ'ective stress is
‘den‘oted vﬁth’ a subscript e l.e. ..

- If the effective stress &, exceeds thé matéfial yield stress o, plastic re-
distribution of streés will occ{1_r. If yielding has previously océurred fo‘r iteration
r — 1, the entire stress increment do; mﬁst be redistributed i.e. R = 1. If how-
ever yielding did not occur in the previous iteration, only a portibn of the stress
increment need to be redisfributed (see Figure B.2). The redistribution factor R
in this case is taken as: ‘
o AB @ -o,

R=2 e (B.21)

where 571 is the previously. converged effective stress.
The redistribution of excess stress Rd5? can be cai'ried using. the consti-
tutive equation below:

5™ = RD*?de S (B.22)

where D7 is' the elasto-perfectly plastic material stiffness matrix derived in the

last section.”
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Fi‘g‘ure B.2: Increi‘nen_tal Stress Changes at Initial Yield

~ The stress state at iteration T obtained by adding the stress increment
d5™ to the previous stress state 5"~! may however depart from the yield surface
~ depending on the magnitude of the strain increment dé”. In order to remain on

the yield surface it is necessary to scale back the stresses by a factor w,: -

S

L=

(B.23)

Qi

.whei‘e " 1s ‘the‘effecti\‘fe stress compli‘lted” in Eqn. lB.QD using the redistributed
stress o7. B | |

If rela.'gively ‘large load increment sizgs‘are used, the procedure described
above can lead to ‘inaccurate prédiction of the final poiﬁt P on the vield surface
if the stress point is in the vicinity of a region of large curvature of the yield
surface [42]. Greater accuracy can be achieved bj% felaxing the excess stress Rdg?
in smaller stebs. The‘ﬁumber of steps m chosen is the nearest integer less than
(5l/ey — 1)8 + 1. The scaling back of redistributed stress is carried out for each

step. - '






