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Abstract

Ihls r~port des.:rincs an expt:nmental and anal~ til:al in\ cslq;ation of onc-wa~

reinforced wm:rete hinges. fn:<.Juentl~ used at the naSI: lIf hlgh"a~ hndge ~·\llumns.

whell suhjected to axial c\lmpression. shear. and uniaxial moment transkr in the strong

direction. Atlempts were made t\l dewlor n:cornrm:ndatllll1s Illf morl' fI:liahk hinged

column d~sign. to conduct a rrdiminaf~ slud~ of the respnnSt.' l,f hinged c"lumns \\ ilh

Illadequatt: reinforc~rnent d~H:loprnent kngth. and hI den~lor and lest a repair method

IlH damaged columns

Man~ \arial-lks. IOdudlllg column aSpC'l:t ratio. mont'hlnl\: or cydic loading.

hinge steel arrangement. and hinge thickness rclati\C to hinge width, "~re ~xamin~d to

study thcir dICcts on hing~ l1exural and sh~ar stn:ngth. energy dissipation eapaeit~.

shear slip. and hinge throat concrete confinement.

A linear tinite clement analysis was pt:rlllrmed to stud~ stress distribution in the

hinge throat area Analytical studies also included inclasti( analyses of hridges with

hinged columns Focus was phlccd on the intluence of deck torsional stiffness and

abutment spring stiffness on intlectinn p<)int height. The intleclion point repre~cnts the

point where the lateral load snould nc applied for the purpose of calculating lateral

hinge strength.

A new approach was developed for estimating the lateral load slrength of hing.ed

columns. This approach can he used tlu design purpose as well as flu calculating lhe

shear capaclt~· for existing hinged pier columns.
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Chapter I

Introduction

1.1 Background

Reinforced concrck hinges are frequently used at the base of bridge columns to

release moment transfer in one or both principal directions Th\.' primary benefit is

reduction of the forces transli:rred to the foundation. thus reducing foundation cost: this

cost reduction is partil:ularly significant in bridges supported on soft soil.

Column hinges may be grouped into two categories: one-way hinges and two

way hinges (Figure 1-1). A one-way hinge will rdeasc moments in one direction while

resisting moments in the other. In a two-way hinge. the moment IS released in both

directions. Hinged single-column bents arc usually detailed with one-way hing.es to

maintain stability. whereas hinged muhiplt:-column bents may utilize one- or two-way

hinges.

While the results of many building system studies haw been applied to bridges.

there arc some aspects of bridge behavior which can not readily be found in the

literature on buildings. As a result. many studies have focused on bridge-specific issues

related to superstructures and substructures. Reinforced concrete columns commonly

used in bridges differ from buildinl; columns in slenderness. scale. l:TOss-section. and

end connections. Building columns frequently carry higher axial loads than bridge

columns. The general design approach to buildings is to force plastic hinging in beams

befor~ plastic hinging occurs in columns. In contrast. development of plastic hinges in

bridge columns is necessary for energy dissipation under lateral loading. The

reinforcement ratio in bridge columns is also smaller than in building columns. typically

less than 2 percent

Bridge columns must allow adequate rotation under thermal loads and loads due

to support settlement. transmit relatively small moments. be simple and inexpensive to

construct and maintain. provide adequate shear strength. and provide adequate ductility

under cyclic loads.

Various types of one-way hinges have been used since the turn of the century.

The first. known as the sliding hinge. was used in three-hinged arch construction. A



memher with a Cl)nVeX i:~ Iindrical surface rests in a cylindrical con(a\'it~ of the same:

radius in thc adjoining member. Later versions. called saddll: bearings. employed

uncqu'll radii S(l that rotation producl.:d rolling. rath~r sliding. motion hetween thc

surfaces. In order to reduce friction and otwiate: thl: nel'J for extre'ml' accuracy in the

construction. a thin sheet of lead was usually placed hct\\ccn the cuned surfaces.

The next typc of concn:te hingc was dcveloped hy a I·r~nch enginl.:l·r. /\ngustin

Mesnager. at the heginning of thl' century. and has hcl'O uscd cxtcnsi \'d~ sincc 141 () ~

This hinge consists of n:inl()rcing hars cmssing caeh other in a small gap hetwcl'n the

members to be articulated. ('oncrete was usually used to protect the hars against

corrosion: howewr. the contrihution of the concrete to the strength of the hinge was

ignored.

The realiJ'.ation that concrete strength was considerahle in the throat of a

Mesnager-type hinge led to the development of the Frcyssinct hinge In a Freyssinet

hinge. little or no reinforcement passes through the throat and the throat concrete is

recognized to withstand compressive stresses considerably greater than the unconfined

compressive strength. Figmc \-::! shows the hinges of various types.

Recent earthquakes have caused severe damage. and cven collapse. in a number

of concrete bridges. II IC.1O Thc 1971 San Fernando earthquake resultcd in the collapse

of the highway hridg~~s and caused major damage to forty-two other hridges.:t The

primary causes of column damage were identified as: (I) insufficient ductility of hrid~:e

columns to absorb the inelastic displacements experienced. (,2) shear failures in shorter

columns. and (3) longitudinal reinforcement anchorage failure in the plastic hinge

regions at the base of columns.

As a consequence. there has been a considerable increase in research and design

activities to produce effective and economical mea'iurcs for seismic design and retrofit

of bridges. Reinforced concrete one-way hinges are designed to prevent a build-up of

tlexural stresses on the foundations in one direction. In the transverse direction. the

hinge must be designed to prcvent a shear or flexural failurc such as could be caused

hy excessive wind pressures or inertial forces due to an earthquake. Severe earthquakes

subject a hridge to many cycles of large-amplitude load reversals; therefore. connections
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such as hinges must ~ capable of undergoing large dcformation~ "hile maintaining

integrity. In addition. the hinge must wntmue to carry the aXial load of the column

Anothc:r general requirement ti.lr connections is the ahilit~ tp dissipate energ.~ Junng

inelastic deformatillO c~ clt:s.

One--wa~ hinges arc curre-ntly desigm'd using the comprc:ssiw axial capacit~ of

the St'ction and the lateral load capacity hased on the shear friction theor~.·' ,I Pre\ 10US

research has been conducted to determine the hearing. l1exural. and shear capacit~ of

hInges under monotonic and cyclic loading in the weak direction (directIOn of intended

hinging I.' Additionally. research has also heen conJucted on the lateral hcha\lor of

l:oncre.:te hinges since.: the latc 14ROs.'~ ;; ., " Recent studies demonstrate that the shear

friction theory is not appropriate for hingc latcral load dcsign hecause it docs not

produce a conservative de.:sign. A ne.:w approach for lateral load design is ne-cded to

replace the shear friction theory.

1.2 Previous Work

Although the concept of usmg a hinge at a column end to release moment

transkr has heen employed ti.lr almost a century. there appears to he \'Cry limikd

information regarding hinge hchavior Research was conducted in Eng.land in the late

1950s and 1(}60s:'" K" however. there is virtually no n:search data availahlc ~twecn that

time and the time of the pilot study conducted by Saiidi and {'ric in the late 1Q80s. :K,'

Base' pcrtl.nmed research on four one-waj reinforced concrete hinges with

loading in the direction of hinging. Two specimens were Freyssinet hinges with very

little reinforcement through the throats. another was designed as a Mesnager hinge. and

the fourth was a saddle bearing. A series of three different loadings were applied to the

specimens. including axial load. combined axial and lateral load. and axial load with

fatigue flexural load. The test results can he grouped into five categories:

Compressive stress under axial load: The compressive stress in the throat or

contact area of the hinge was found rarely. if ever. to result in crushing of the concrete.

It appeared that the concrete in the hinge throat was in a state of biaxial or triaxial

compressive stress and could sustain considerably greater stresses than the unconfined

compressive strength. In the Freyssinet hinges. the maximum stresses occurred ncar the



t'dges of the throat Th~ ratio of peak slress to an.-ragr str~ss dcpcnd~d lin thl' shape and

height of the throat and Ihe ratio of throat width 10 wlumn \\iJth. In the n:inlnrrcd

Mesnager hing~. the Slress dlslrihution was more complex :\ higher \alm: of

ellnlpn:ssi\r stress might ha\e lead 10 a nlllrl' salisfactory htn~c. capahle of allowing

larger rotations while Iransfl"rring smaller !'lending moments.

Transn:rse stress under axial load: Thc compressl\c stress in and ncar the throat

of the hingl' rca<.:h~d sen-ral times Ihc unwnfim:d <.:oncr~l\: wmpressi\c strength withllut

causmg crushing. This jncreas~ in slrenglh was a result of the lateral compressin'

stresses induced as the force "!lowed" IOto Ihl' Ihroat. and b~ the confining effect of

con<.:rete aoow and helm\. Testing indicaled Ihal an increase PI' ahout 3 psi in the

<.:oncreh: strength was achiewd for each I psi of laterally applied pressun:. Tests also

showed thaI if a standard b-inch cube was loaded through I square inch at the center

of on~ face, the bearing pressure under th~ loaded area might r~ach six times the

compressive strength. and the pressure under a f)-inch b) I-inch strip load might n:ach

twice the strength. In !'loth cases failure was due to \crtical cracking of the cuhe

Il.llbwed oy wedge penetration: no crushing occurred. It was also obscr\ed that a k\\

inches abO\c and helow the throat of hinge. the lateral stresses changed from

compression to ti:nsillll. It \\as important hI locate this transition since transverse

reinforcement would need to he present.

More references arc availahle con<.:eming biaxial and triaxial str~ss hehavior for

concrete'.'I1."': A hiaxial stress condition o~<.:urs if the principal stresses act only in two

directions. i .1.' •• two stresses act in a plane and the third stress is zero. Investigations

conducted by Kupfer. et al...'11 show that the strength of concrete subjected to biaxial

compression may he a:; much as 27 percent higher than the unconfined strength. For

equal biaxial compressive stress. the strength increase was approximately 16 percent.

Under conditions {'f triaxial compression. the strength and ductility of concrete was

greatly incn:ased. Richart, et al. I.' found the following relationship for the strength of

concrete cylinders loaded axially to failure while subjected to a confining fluid pressure:
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fc, f. + 4.1.1; ( I . I )

\\ he:n: r.. i~: the: conlinl:d comprl:ssin." strength. r, is the unl:ontim:d I:DmprCSSI\e:

strength. and " is the btend conrming prl'ssun.'.

Other tests h~ Balmer' ha\ e prodm:ed \alm's tllr the lateral stress Cllefticient

which ran!:!l' OL'I\h.'en .. 5 and 7.0. \,ith an aH.'rage \aluc Df :'i(I. ralher t~an thl' \alue

4 I lllund h\ Richart lower lateral pn:ssun:s r\.'sulted III higher ul\.'nil.'ient \alues

~'raclirupagationund\.'r eccentr!l: loads: Rotation llfan axiall~ -Ioadc:d hc:yssinet

llr \ksnager hinge superim(Xlscs hcndlllg stresscs on the direct comprl'ssi\l' stress in

the throat :\s loading hccame eccentric. the center of pressure I11llved away from the

\ertical aXIs and the stresses in and around the throat change:d. As rotation was applied.

the cllmprcsslH.' stress increascd 011 one side llf the throat and decrea:-cd on the other.

At a certam rotation. depending on the magnitude llf the initial compressive stress at

the throat. a Ikxural crack hegan to penetrate the thr\)at. and the width of the concrete

section carr~ ing the vertical load was reduced. Often. this I:rack was the reopening of

a shrinkage \."faek formed hdore the hinge was loadl'd. Thl' t1cxural nack was also

intlul'nced h~ the length of time the hinge was vertically loaded hefore rotation

occurred and hy the rate of rotation.

I'atllwe testmg: rhe rotation of a concrl'te hinge usually consists of a permanent

rotation due hI shrinkage. dead load. and creep of the structure. rotation due to annual

temperature cycks. and small I:ydcs dul' to short term temperatun: changes. and

rotation due to live loads on the structure. For cyclic testing. it was assumed that a

small numher of rapidly applied large rotations would be more severe than those

encountered in practice. Large rotations would actually occur vcry slowly. and creep

would probahly give considerahle slress relief. In general. fatigue loadings equivalent

to hundreds of years of life did not cauSl' significant damage except for spalling and

cracking in some specimens. which coul~ rcsult in corrosion of the transverse

reinforcement. Such spalling could probably havc been prevented hy better detailing.

particularly hy ensuring that the potential spalling zones were anchored hy lateral

reinforcement.
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Shear testmw- Shear tests sho\\ed thaI wncrete hinges. in general. had shear

fl·sistanl.:e and that l'rl'~ssinC't hinges \\Ithout an~ Ihroat rcinhlrccm~nt. in p,util:Ular.

~ould l'arry shear loads much grcater than thuse likely 10 bI.' seen 111 praclIl:c. Shear

reinfon:emel1t through the throat of I rey ssinet hinge appears 10 ~e necessary only hIT

absllrpti(l/l of impact shear Ii-Irl'e. A conslderahle amount (If \\ell-anchored cross-har

reinfofi:ement \\ould oc re4uired

:\ pilllt study of rcinfllrced wnerele one-way hinges subjected III loading in the

strong direction was wmplelCd in I(}KX hy Saiidi and Oric " ., The primary ohjeetive

of that preliminary Slud) was to in\cstig,ate the hchavior of hridge wlumn-to-foundation

one-way hinges subjected to uniaxial moment transler with loadmg applied in the strong

direction. "or simplicity, the l'ffcct of axial Ii-lrce was not included. Four I f8-scah:

specimens. represcntir.g the Rose Creck Hridge (Figure 1-3 l. were bUIll and h:sted

(Figure i -.). Three specimens. with shear span-Io-depth ratIOs (aspect ratios) of l. 2

and 3. wen: tesled monotonically. The fourth specimen. with an aspect ratio of 3, was

tested cyelidy. Another objective of the investigation was til determine the effect of

shear span variation on the lateral load and flexural capacity (If the hinge and to

determine if the shear friction theory was \alid tiJr this type of application. The shear

effecI hccame dominant when the shear ~pan was decreased. The cyclic test was

designed to obtain a general insight into the effects of load reversals on flexural

strength and to give an indication of energy dissipation. The study showed that. even

for an aspect ratio of I. flexure controlled the load capacit)'. The results also indicate

that the shear fnction theory significantly overestimated the lateral load strength; the

lateral load failure mechanisll' of the hinge region was very different from that assumed

in the shear friction theory. The cycJicly-Ioaded specimen showed that when cracks

developed over the entire hinge throat section. significant shear slip between the column

and the footing could take place. reducing the energy absorption capacity of the hinge.

Dowel action was noticed only after a large deflection had occurred; until this. shear

resistance was provided by aggregate interlock within the compression zone. Under

large deflections. the depth or the compression zone became smaller. thus limiting the

resistance and increasing the shear stress in the reinforcing bars.
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As a continuatIOn 01 this early work. Saiidi and Straw" " tested h.lur I '6-scalc:

specimens (Figure I-51. Two test \'ariahles were considered in the study: loading type

(cydic versus monotonic). and shear span-!o-depth (aspcc\l ratio A constant axial force

was applied tn the column. simulating the weight of the superstructure. This research

showed that the current ACI shear friction method does not give a reasonahle estimate

of lateral hinge strength. Primary shear resistance dewlopcd (\nl~ in the compression

zone of the hinge interface and only for small detkctions: dowel action lIccurred onl~

alier noticeable dctllrmations. It was also found that as the aspect ratio was decreased.

the energy dissipation capacity of the hinge also decreased. Displacement ductility

levels were as high as 4.0 and 5.J fur specimens with aspect ratios of I and 2.

respectin:ly. Specimen load-detlection curves exhibited moderate pinching. indicating

a relatively small energy absorption capacity.

Lim and McLean:::' tested 1/20- and liS-scale two-way hinges (Figures 1-6

through 1-81. The I '20-scale specimens predicted thc general characteristics. behavioral

trends. and failure mechanisms ohserved in the liS-scale tcsts; however. the rates of

stiffness deterioration within force-reversal regions were higher in the I '20-scalc tests

as a result of weak bond between the reinf(lfccment and the concrete. Despite the

limitations. the 1/20 scale testing program provided insight into the behavior. and

guided the selection of parameters for use in the 1/5-scale testing program. The

specimens were tested with two different dctails: a hinge delail providing horizontal

discontinuity only (used in Califi.lrnia). and another incorporating a hinge detail

providing both vertical and horizontal discontinuity (used in Washington) (Figure 1-6 l.

It was expected that the plastic hinge would concentrate along a horizontal plane at the

interface of the column and the foundation in the California detail. and would be

distributed over a larger vertical distance in the Washington detail. Load-carrying

capacities of columns incorporating the Washington detail were approximately 10

percent lower than with the California detail. The hysteresis curves for columns with

the California detail were slightly more pinched than those with the Washington detail.

The authors concluded that the two-way hinges with both details exhibited stahle

moment-deflection hysteresis curves and continued to absorb energy even at a
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displacement ductility of 12. Flexure dominated the h<havlllr In all columns. including

thosc with an aspect ratin of ) .35~ howcvcr. grt:ater strength degradatIOn was observed

in columns with higher aspect ratios.

Recently. Haroun. et aLI" tested six ~5-scalc t\Hl-way hinged clIlumm (Figure

1-4) The columns were hased on a scaled down version 01 the standard details

employed by the Calil{)rnia Department of IransJlonation (Caltransl with appropriate

rounding-off to cnsure compliance with standard har size and concrete tolerances. The

variables examined indude hinge details with and without shear keys. Icvels of

ductility. and application of axial load. The repeatahility of test results strongly suggest

that the presence or absence of a depressed key has vcry little effect on lateral

resistance. The ultimate strength of the hinged column was governed by the strength of

the column: the failure mechanism was a diagonal shcar failurc in the column. It was

also t{)und that the measured shear resistance of the column pins was in close

agreement with the theoretically calculated values.

1.3 Objective and Scope

The tirst ohjective or the current study was to develop a better understanding of

the behavior of pinned reinfon:ed concrete' columns subjected to combined axial and

lateral forces. and flexure in the strong direction. and t\1 determine if alternate

reinforcement details could imprO\c the behavior. While the primary source of axial

force may be gravity. lateral load and flexure may he due to partial li"e load across the

bridge. water pressure. wind pressure, or earthquake loads. Axial forces produced by

seismic loads were not considered in this study.

The second objective was to develop a preliminary recommendation for lateral

load design of one-way hinges using the results of the first part of this study.

The third objectiw was to conduct a preliminary study of the cyclic response of

hinged columns with bars with inadequate development length, and to formulate and

test a repair method for damaged columns. The repair strategy should restore the

strength anrt ductility capacity of the hinge to the level of a hinge with adequate steel

anchorage.
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Many \'ariablcs were considered in the testing, including aspect ratio. type of

10<lding (monollmic or cyclic). arrangement of sted in the Illnge region, and hinge throat

thickness relative to hingc width. Tht' purpo~ of \ar~illg thest' parametas was to stud~

their effects on hinge tlexural and lateral stn:ngth, l'nl'rgy absorption capacity, shear

slip, and comprcssi\t' strength of l'om'rete in the hinge.

To :)ddn:ss the \ariahk'.s and their et'kl'ts. a \afll·t~ of sflt'cmlcns werc

mnstructeJ and h.'stell Rclatin' to dimc:nsions of the a<:tual hridge columns. th...

specimens were of small scale (1 18 and) (6). hut were sufficiently large to he built with

normal weight con<:retc and deformed reinforcing sh:c1. as used in actual bridge

construction. The maximum concrete aggrcgatl' size used was I '~-inch instead of 314

im'h normally used lJ1 hridgc construl'lion.

In addition to the experimental study. linear finite clement analyses of selected

specimens were performed to study thc strt.:ss dlstrihution and confining stres~~s in the

hinge throat area. Analytical studies also included inelastic analysis of bridges with

hinged l.:olumns. Focus was placed on the intlucnl.:c of deck torsional stiffness on the

aspect ratio of hinged hridge columns. A nr\\ approach for estimating the lateral load

strength of the hinged columns ...·as developed. The results wcre e\aluatcd based on the

\es\ results reported herein and elsewhere.
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Chapter 2

Experimental Program

2.1 General Remarks

Tht.: cxpcrimt.:ntal program included testing of four typt.:s of spe~imens. The first

type represents column-to-foundation connections using 1/6-scalc replicas of thc hinges

in piers 2 and 3 of the Rose Creek Bridge. Five specimens of this type were tested. The

purpose of the first four specimens was \(l determine the influence of reinforcement

details in the hinge region on energy ahsorption capacities under cyclic loads. The fifth

specimen was used in a pilot study to determine the cyclic response of hinged columns

with inadequate steel development length. and to dcvelop and test a repair method for

damaged col umns.

l rnlike the single ro.... of equally spaced hars usually used in one-way hinges.

the tirst four specimens utilized hundled or diagonal hars. All reinforcing hars were

pnnided with adequate development length as required by current AC'I and AASHTO

codes. l
: Variables studied included reinforcing details in the hinge region and the aspect

ratio. All four specimens were subjected to a constant axial load, representing the

superstructure dead load. and cyclic lateral loads up to a displacement ductility of 4.

The fifth specimen was also a Jib-scale column. To simulate the existing anchorage in

the Rose Creek Bridge. short reinforcing bars were equally distributed in the hinge

region. This specimen was tested to a displacement ductility factor of 2 using a load

history similar to that used for the other four specimens. The specimen was then

repaired and cyclically loaded to a ductility of 4.

The second and third specimen types were designed to study the effects of hinge

depth on hinge behavior. These specimens included three shear specimens and three

comprl'ssion specimens. all tested under either pure shear or pure axial load. The effect

of concrete confinement in the hinge on the compressive strength was determined by

testing a fourth group of 24 plain concrete specimens incorporating hinges with

di fferent thicknesses.
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This chapter describes the lirst lour test columns. shear specimens. compression

specimens. and the plain concretc hinge specimens. The lilih tcst coll.:.nn is discussed

in Chapter 8.

2.2 Column Specimens

Previous testing was conducted on 118- and 1/6-scale hinges incorporating

uniformly distributed reinforcing bars.'K)' In these specimens. the reinforcing hars were

sufficiently anchored to develop their yield stress. As tensile yielding propagated to the

sel.:ond and third steel layer. the amount of crad. opening was \'t~r)' significant and

reduced shear friction forces that could dcvelop. One possihle approach to reduce the

excessive opening of the crack is to hundle hars near the two edges of the section while

keeping the total amount of sted constant. By comparing the results with those

corresponding to one row of equally spaced steel. it is possible to quantify the

improvement.

It was also observed that the energy dissipation characteristics for these

specimens were not quite satisfactory. as indicated by a relatively strong pinching effect

on the load-deflection hysteresis c:Jrves. The cause of pinching wa'i a relatively large

slip between the column and the base. To reduce the slip. use of diagonal bars. rather

than equally spaccd straight bars. may be helpful.

Four column specimens were built and tested with modified details. BB IC.

BB2C, DB IC. and DB2e. Figures 2-1 and 2-2 show the dimensions and details of these

specimens. The hinge sections measured 2.5 inches by i6 inches. which is

approximately 1/6-scale of the pier hinges in the Rose Creek Bridge. BB stands for

bundled bars; DB stands for diagonal bars. The numeral refers to the stear span-to

depth ratio (aspect ratio). The last letter. C. identifies the loading type as cyclic loading.

The hinged column specimens consisted of two concrete segments. The first was

a 24-inch by 14.5-inch by IS-inch footing segment. \\hich was identical in size for all

four specimens. The column segment measured 16 inches by 6.5 inches by 22 inches

for specimens BBle and DBIe. and 16 inches hy 6.5 inches by 38 inches for

specimens BB2C and DB2C.
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For each specimen. six No.3 Grade 60 deformed !'lars were used to connect the

Illoting to the column. The n:infon.:ing steel had 90 degree. standard hooks on both ends

and had a straight llf 8 inches a!'lo\'e and below the hinge The reinforcing !'lars had a

concrete COH:r of I inch over the outer steel. This practice was repeated Il>f all IllUr

specimens.

For specimens AB IC and BB::!C. the reinllm~ing bars were !'lundlt.:d at two ends

of the hinge section, and the inner !'lars were spaced at -+ 4 inches. on center. The

column tics were No. ::! plain hars spact:d at J inches. llll centt:r.

For specimens DB IC and DA2C lilUr inner reinliln:ing !'lars were symmetrically

inclined 45 degrees rdati\'(' to the vertical direction. and the outl:[ hars wert: straight.

Bars were placed in such a way that they were equally spaced aI the interface hetween

the column and the tilUndalion. No. ::! plain !'lars spaced 3 inches. on center. were used

for column tics. Eight No.3 {l-Stirrups were used lilr the ti)oting reinflHccmenl.

For all four specimens. the connection hetween the liloting and the column was

a hinge region formed using a 2.5-inch !'ly Ill-inch hy 1/2-inch shear key. The hinge

throat region was fahricated with a I-inch dcep hy 2.5-inch ",ide hy 16-inch long piece

of styrolilam placed in the base section prior to concrete placement. Two I!2-inch thick

styrofoam inserts were put on either side of the shear key to ensure that no bonding

between the hottom surlacc of the column to the footing would take place during

placement of the concrete lor the column. After the hase was poured and cured for three

days. the hinge throat area was scraped to a depth of approximately 0.5 inch bcfl.lre the

column was poured.

2.3 Shear Specimens

On.:-·...ay hinges arc designed to allow rotation about the weak axis due to

thermal loads and support settlement. An increase in hinge depth allows more rolation

without developing momenls; however. this may reduce the degree of concrele

confinement in the hinge throat. thus reducing hmge strength. To determine the

influence of hinge throat thickness on behavior under pure shear. three shear specimens

were built and monotonically tested.
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The three shear specimens. SSP\. SSP2. and SSPl. were identical in

configuration except lor hinge depths. which were 0.5 inch. 1.0 inch. and 1.5 inch.

respectively (Figure 2-1) The hinge cross section ofeach specimen measured 2.5 inches

by 8 inches. one-half of the Ieng.th of the hinge throats in the column specimens. The

specimens consisted of two I.-shaped stuns with the hinge formed on the inner side of

one of the two stubs The reinforcement consisted of three No. ) Grade 60 hars placed

in a row in the strong direction. Standard 90-dcgree hooks with required development

kngths allowed yidding of the steel. The specimens were cast horizontally and tested

vertically.

2.4 Compression Specimens

When a onc-way hinge is subjected tt' a lateral force at the top of the column

in the strong direction. the interface between the column and the footing will have a

tension zone and a compression zone. The reinfixcement will be subjected tt) a tensile

fOfl:e in the tension zone: however. both concrete and sted will contribute to the

strength in the compression zone. The compression zone affects the overall behavior oi

the hinge. An increase in hinge depth may reduce concrete confinement and the

compressive strength in the hinge. and reduce the lateral loading-carrying capacity of

the column.

Three compression specimens. CS J. CS2. and CS3. were built and tested to

determine the effect of hinge thickness on compressive strength (Figure 2-4). These

specimens had identical overall configurations: the only variable was the hinge

thickness. 0.5 inch for CSI, 1.0 inch for CS2. and 1.5 inches for CS3. The hinge

sections measured 2.5 inches by 6 inches.

The compression specimens consisted of two concrete segments. The footing

measureli 12 inches by ] 0 inches by 8 inches; the column measured 6.5 inches by 5

inches by 9 inches. The sizes of both segments were identical for all three specimens.

For each specimen. two No.3 Grade 60 deformed bars were used as hinge

reinforcement. Because the overall size of the specimens were small. 1/2-inch steel

mesh was used as ties for the column. Four No.3 V-stirrups were used as
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reinforcement in the base. The specimens were built and cured under the same

conditIOns as the column specimens.

2.5 Plain Concrete Hinge Specimens

Because the concrete in the hinge throat is in a tnaxial state. the concrete is

confined. This confinement is indicated by the high attainahle compressive stresses in

the hinge throat." :', :".'.' 'Ill 4uantify the com;rclc confinement. ~4 small-scaled hinged

specimens were tested (Figure 2-5). These specimens were not reinforced and were cast

in standard cylinder molds. Ilinges were formed using two pie\;es of st)'rof(lam. one on

each side of the hinge. Because of the high compressihility of the styrof{lam. it was not

necessary to remon: the pit:ces. Ilinge tlm:kness ranged from 0.25 inch to ::: inches.

while hinge width was constant at 1.5 inches. creating width-to-thickness ratios ranging

from 0.75 to 6 (the ratios in the Rose Creek Bridge arc 3 for piers I and 4. and 3.75

for piers::: and 3). Three specimens were fabricated for each ratio.

2.6 Material and Fabrication

Grade 60. No.3 deformed hars wen: used as reinf{lrcing dowds f{lr all column

specimens. shear specimens. and compression specimens. Horizontal ties used in the

specimens were either Grade 40 No. ~ plain bars or 1/2-inch steel mesh.

For column specimens and plain concrete hinge specimens. a normal weight

ready-mix concrete with an average compressive strength of 4150 psi was used (Table

~-I) The maximum coarse aggregate size was 1/2 inch.

The concrete for shear and compression specimens was designed with a target

28-day strength of 4000 psi. using Type I-II low alkali cement. Thc coarse and fine

aggregates used were obtained from a local source. Thc coarse aggregate was sievcd

to remove all materials larger that 1/2 inch.

The concrete was mechanically mixed for approximately 10 minutes.

Compressive strength. using standard 6-inch by 12-inch cylinders. was determined at

7 days. 28 days. and on the day of testing. Table 2-1 ~ilOws the concrete strength for

all specimens.

The two portions for all but the plain concrete hinge specimens were poured

separately to simulate field construction by first pouring the foundation and then the
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column. For the shear specimens. the lett segment In I'igure 2-3 was poured lirst.

followed hy the other segment.

The tl)oting of each specimen was p(Jurcd and moist cured !lJr three days. The

specimen was removed from moist curing and the styrollJam keyway Illrm was

remowd. A chisel was used to roughen the wnerete surlace to a depth of approximately

0.5 inch to ensure a good bond between the foundation and the column. The column

was poured and moist cured for an additional four days. At the end of seven days. the

specimen was taken out of the rnllist room. the f()rms were removed. and the specimen

was allowed to dry cure at room temperature until the time of testing

2.7 Instrumentation

A microcomputer data acquisition system was used to record electrical-resist.unce

strain gage readings. linear variable differential transformer (L VOT) measurements. and

lateral loads. The computer program PIERIII.\'GE17 was used to collect and store the

test data Axial load was applied using a 300-kip load frame. Lateral loads were applied

using a 55-kip displacement controlled hydraulic actuator with a stroke of

±3 inches.

The resistance-type strain gages (Measurements Ciroup EA-06-240LZ

120) were mounted on the reinforcing bars located within each specimen as

shown in Figures 2-6 though 2-11.

Two 2-inch LVOTs (Schacvit7. 2000HPD) were used to measure the rota

tion of the column section relative to the footing and one I-inch LVDl's

(Schaevitz 1000HPD) was used to measure the horizontal slip of the column

with respect to the footing (Figures 2-6 and 2-7) Two 2-inch LVDl's wer,'

used for measuring vertical displac\..tnents for the shear specimens and the

compression specimens (Figures 28 and 2-9). Figures 2-6 to 2-9 show the

actual number and location of the strain gages and the locations of LVDTs.

A dial gage was used to measure the vertical displacement for plain

concrete hinge specimens (Figure 2-10). Figure 2-11. obtained from Ref.

37. shows the instrumentation for the standard (SD) column specimens. This
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figure is included hecause sonw of the test results for S() specimens ,",ere

used in this study.

The column specImens \\cre connectcd ttl the ksting frame: (Figure:

2-12\ 0) means of eight 1.25-inch diameter. 125-ksi thn:adcd rnds which

passed through pre-cast holes in the !"ooting and wen~ holte:d to the frame:

setup. :\ l-inch thid. stcd bearing plate Was used III distrioute the loads

from the threaded rods (Figun: ~·I~) t\ steel collar was used to transkr

the load from the hydraulic ram to the cl1lurnn (Figure 2-1:1)

2.8 Test Procedure

2.8.1 Column Specimens

fhe testing procedure for all column specimens was ide:ntical. The tirst step was

to apply an axial load of 26 kips Iwhich produced the same: dead load stress Ic\'el in the

hingc throat as that in the piers of the Rose Crt.'ek Bridgel in approximately 5-kip

increments. Onl'c the total axial load was applied. the threaded anchor rods were

tightened and the lateral hydraulic ram was fastened to the column collar. There was

approximately a O.I-inch gap between the column face and the hydraulic ram collar.

resulting in a larger measured displacement than actual.

Cyclic lateral loads were applied using displacement control. A predetermined

Jisplaccment was applied slo\\ly to the specimen. held. and the computer triggered to

record the test data. The measured axial load was kept ncarly con5tant throughout the

test within ± I kip of the target load; however. the actual load varied due to the nature

of the test setup (Figure 2-12). The load cell built into the test frame measures load on

the platform; although the test frame was very stiff. overturning effects increased or

decreased the actual load, When the top of the column was pushed to the left. the

column base was pushed against the platform of the compression machine. making the

actual load less than the measured load; when the column was pulled to the right. the

actual load was larger than the measured value.

All specimens wtre subjected to several rycles of increasing displacement

amplitude and ductility. Figures 2- 14 and 2-15 illustrate the displacement histories for

tbe colwan specimens. No particular earthquake history was simulated.
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2.8.2 Shear and Compression Specimens

The only load applied to shear spccimens and l'llmpression spLclmens was a

monotonically increasing !I\lint load as shllwn in I'igures 2-1( and 2-9 The load \\as

applied staticall) in small Increments. fhe shear force and a\cragl' shear disJllaceml'nt

on t\\O ,)ppositc sides were recorded and the shear force versus shcar displacement

diagram was plotted. All specimens were loaded tIl failure. ddined as the point fm

which the load-carrying ..:apa":lty Ill' the spl'umen JroppLd Il' X:' percent of thl'

maximum load.

2.8.3 Plain Concrete Hin2f Specimens

The cylindrical plain cont'rete hinge sJlccimens were axially loaded in smail

increments to failure. A dial gage assl'mbly was connc..:tcd to the specimen to measure

thc average displacement in thc hinge; the load and the corn:sJlonding displacement

were recorded for each load increment.
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Chapter 3

Test Results

3.1 General Remarks

The experimental n~!'ults and l,oscrwd heha\lor of ea~h test arc pre!'l'nted in this

chapter Results that arc presented arc the detle~t:on. rotation. horizontal slip. and

reinfor~ement sirain stram for e.lch 10Iumn spl'cimcn as a function of the lateral load.

The results f()r the shear spt~cimens include the slippage and the stcd strains as

afunctioil of shl'ar. Axihl load versus axial deformation :md load \ersus strain for

compression srecimens arc also described. Plain concrete hinge specimen data are

presented as relationships between hinge strength and width-to-depth ratio.

3.2 Column Specimens

Before testing. a visual inspection of each specimen was performed to note any

unusual cracks: there were no major visible cracks in any of the specimens. All t'llUr

specimens were subjected to several cycles of increasing lateral displacements and

ductilities: hl)wever. no particular earthquake loading was simulated. Figures 3-1 and

3-2 show the numbering system used t'l)r the reint'l)rcing steel located within each

specimen.

3.2.1 Sp~(;imen BBle

Specimen BS 1C (with hundled hars. aspect ratio of 1. £Yclically loaded) was

subjected to nine cycles of displacement reversals at l'l)ur amplitudes (Figure 2-14).

Figures 3-3 and 3-4 are photographs taken at the end of testing. The column had

separated from the footing. indicating that the joint had failed. There were no significant

cracks observed outside the hinge area; the only crack was a vertical crack at the

bottom of one end of the column which led to a 3-inch long spalling of the concrete

cover. This crack resulted from local compressive stresses at the end of the hinge.

When the final cycle began. another crack was observed at the base of the specimen

where LVDT No. I (Figure 2·6) was attached. The LVDT moved slightly, resulting in

readings that were offset by a constant value.
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:1.2.1.1 Load·Ddl~ction Response

Figure )- 5 shows the load-defl~ction response for specimen BB IC. Injtiall~. two

cycles at a displacement of ±U.I inch were applied to captun: the cracking point. Two

cycles of amplitudc ±O.25 inch displacement. n:presenting the appar~nt yield point of

thc specimen. wen: then applied. Ihn:e lateral displacement cycles wen: applied at a

ductility /en'l of 2 (±O.5-inch detlcction l to monitor thc effects on strength degradation

of cyclil.: displacement with a modcratt: degrec of nonlinearity Figure 3-5 shows some

pinching effects on the hyst~resis loops. indicating a reduction in energy ahsorption

capaclly cven at a ductility level of two. hnally. a ductility le\cl of 4 (± 1.0-inch

dctlcctillO) was applied for two cycles; c\cn more signilicant pinching was noted in the

hysteresis loops.

Thc largest I:ttcral load applied was 28.4 kips in thc pllsiti\'c direction (away

from thc actuator I and 30.7 kips in th~ negative direction (toward the actuator). On the

last cycle a maximum load of 12.8 kips. in the positive direction. and 28.1 kips. in the

negatiw directIOn. was reached. These values indicate a strength degradation of 19.7

percent and R.O percent for the positive and negative directions. respectively. The

reasons !()r the differences are explained in the next chapter.

~.2.1.2 Load-Rotation Response

hgurc1-h shows the load-rotation response of specimen BB IC The rotation in

the positive direction was always larger than in the negative direction for each cycle.

As a result of the sudden movement of LVDT No. I at the beginning of the final cycle.

the rotation value shifted by approximately 0.0043 radian.

The maximum rotation in the positive direction was 0.0463 radian and in the

negative directiun 0.0243 radian. taking into account the LVDT shift during the last

cycle. The maximum apparent rotation ductility was 26.0 in the positive direction and

8.7 in the negative direction.

The magnitude of rotation is a function of the lateral displacement as well as the

loading history. and is especially pronounced at large displacements. For a displacement

ductility factor of 4 (lateral displacement of 1.0 inch). the maximum rotation for the

first cycle in the positive direction was 0.0463 radian. and 0.0234 radian in the negative
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Jin:ctlOn. Ihw.c\Cr. for the second cycle. the maximum rotation was IU»61 radian I'm

the positive sidt: and 0024J radian filr the m:gati H: Side fhe \ alues "Ir the second

cydc were cllrrcl:lcd to include the shifting of th~' eune.

J." IJ Load-Slip Response

Figurc J.7 i1lustratcs the load-slip rcsponsc. I he slip inl:reased suhstantially with

an increase in lateral displal:l..'menl. lhc maximum slip was 0.147 inch in the positive

direction and 0.4 II inch in tht: negative direction. fhe load-slip response was

symmt:tril: up to a displacement ductilit~ of 2. hut was unsymmetric when the ductility

lactor approached 4. with the ncgativc slip approximately twil:C: the positivc slip. A

pOSSible explanation of this bc:ha\ior is provided in the next chapter.

There was a good correlation Octwecn the load-rotation response and the load

slip response. For positivc lateral loads. the rotations were high and the slips were low.

}-or the negative loads, the rotations were low and the slips were high.

Given the measured rotation and slip. aTid knowing the distance Octween the

lateral load and the hase and assuming rigid-hody rotation and displacement. the

approximate lateral deflection due to hinge rotation and slip can he calculatl..'d. This

calculated dcl1ection can then he added to the deflections due to flexure and shear to

obtain the approximate lateral deflection at a ~ivcn load. Shear dctormation was small

enough to be ignored in the calculation.

The calculated deflection was 0.943 inch for the positive direction and 0.805

inch for the negative direction. In determining the flexure deflection, the concrete

modulus of elasticity was calculated according to the Act building code,' using the

concrete compressive strength determined on the day of testing. The calculated values

are different for the two directions and both values are less than 1.0 inch. which was

measured in both directions. The measured rotations used in the ahow calculations were

relative rotations between the column and the looting of the specimen: the rotations

between the footing the test platform were not considered. The rotation between the

footing and the platform is relatively small when the column is subjected to the load

in the positive direction. because the footing was pushed into the platform: conversely,
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the rotation is relatin:l) large when the wlumn is suhlected to the load in the negative

diredion.

~.~.) 4 I.oad-Strain Response

Figures )-& through ~-Il) show the load-strain relationships and the location of

strain gages for specImen BA IC. '/'ensile strains arc shown as rositi\'c quantities. Due

to gage failures after yielding in some cases. some nf the load-stram curvcs show only

a part of thc entire response: however. these cunes an.' sutlkicnt to indicate the trend

in load-strain relationships.

Figures 3-8 and 3-9 show thl' load-strain histories of the two exterior bars in the

hing.e region. Both bars yielded in tension (yield strain was 2000 I!-in.!in I and

experienced several n:vcrsals of tension and compression. The trend between lateral

load and strain was nearly linear. The outer and next inner bars were bundled in-line

with the strong axis and were expected to exhibit similar behaviors; however. it appears

(Figures J-) 0 and J-II ) that the inner bars behaved quite differently. Most of the curves

fall in the positive strain regions. except at the initial stages of testing. Once the bars

yielded. they remained in tension, indicating that the inner bars were ncar the neutral

aXIs.

Figures :;-12 and 3-13 show the response for the two inner-most bars in the

hinge. These bars primarily experienced tension and were in compression only when

the lateral load was small relative to the axial load.

Figures 3-14 through 3-19 show the load-strain relationships for the gages

outside the hinge throat. Figures 3-14 and 3-15 are for the two outer bars. 3 inches

above the hinge. Both bars yielded in tension. The load-strain relationships for the two

next inner bars are shown in Figures 3-16 and 3- 17. The strain data in Fig. 3-16 is not

complete because the gage failed near the beginning of testing; because of symmetry,

Figure 3-17 is believed to represent the strain behavior at both locations. The bars

yielded in tension. The strain behavior for the two outer bars at a location 6 inches

above the hinge is shown in Figures )-18 and 3-) 9. The outer hars yielded. indicating

that the plastic hinge spread well into the column.
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All oars in the hinge n:gitm were suhjected to significant tension. The hinge

sel:tion was subjected to a combination (If shear and Ilcxure. hut dominated hy shear

alier tensik yielding in the sted. For sUt:h a short column {aspe\:l ratl\) of I l. it was not

unexpet:ll':'d that shl'ar \\ould have a major impal.:t on o\erall heha\inr: llO\.\c\"cr.

signitkant shear slip was pn:l.:eded oy significant h:nsdc yielding of the longitudinal

hars.

3.2.2 Specimen 882('

Specimen 13B2C {hundled hars. aspcl:! ratio of ~. cyclically loaded) was

subjected to ten and one-quarter cycles of displacement rc\'C'rsals at fi\\.' amplitude

l\.'wls tFigure ~·15). Figures :;-~O and 1·21 arc photographs takt:n at the end of testing.

The column separated from tht: footing. indicating that the joint had failed. There wert:

generally no cracks obst:r\ed outsidc the hinge area on the column: howc\'t:r. at the

tinal stages. there were some cracks radiating from the anchor rods near the top of the

base.

:1.2.2.1 Load-Deflection Rcspgnse

Figure 3-::!2 shows the load-deflct:tion response. Two small cycles at a

displacement of ±O.I inch wert: completed to capture the cracking point. Next. two

cycles of ±O.25-inch displacement were applied. fllllowed by three cycles at a

displacement ductility of 2 (to.S inch) to monitor the effect on stren~'lh degradation of

cyclic displacements with a moderate degree of nonlinearity. A ductility level of 4 (±1.0

inch) was applied for three cycles to simulate the effect of a strong earthquake. Finally.

one-quarter cycle was applied to fail the specimen at a displacement of \.5 inches

<ductility factor of 6).

The largest load applied was 13.8 kips in the positive direction and IS.q kips in

the negative direction. On the last cycle. a maximum value of 13.4 kips was reached

in the positive direction and a value of 15.2 kips was reached in the negative direction.

strength degradations of 2.9 percent and 4.4 percent. respectively.

There was no appreciable strength degradation in the connection. as indicated

hy the overlapping cycles. At a displa\:ement ductility of 2. some slight pinching. was
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evidcllt on thl' hysteresis curves. At a ductility of 4, moderate pinching was apparent

in the hysteresis loops. indicating a loss of energy aosorption capacity.

1.2.2.2 Load-Rotation Resronse

Fig.ure 3-23 shows the load-rotation response of specimen BB2C. Similar tt' that

observed for specimen BB1C. thc rotation in the positl\ c direction is always larger than

in the ncgatiw direction for each cyclc, The curvcs for BB2C were generally smoother

than those for RB 1C.

The maximum rotation in the positivc direction was 0.0207 radian and in the

negative direction 0.0225 radian. The maximum rotation ductility was 6.8 in the positive

direction and 7.3 in the negative direction.

For specimen BB2C the magnitude of rotation is a function only of lateral

displacement. There was no apparent relationship between the magnitude of rotation and

thc loading history. as indicated hy the well-o\'erlapped cycles on the load-rotation

curves.

3.2.2.3 Load-Slip Response

figure 3-:~4 is the load-slip response for specimen BB2e. The maximum slip

was 0,046 inch in the positive direction and 0.085 inch in the negative direction. The

loa~·slip response wa'l symmetric up to a displacement ductility of 2; however. it was

unsymmetric when the ductility approached 4. with the negative slip being approxi

mately twice the positive slip.

Based on the measured maxImum rotation and slip. the calculated maximum

lateral deflections. excluding base-platform rotation. were 0.920 inch for the positive

direction and 0.828 inch for the negative direction. As per the s:une reasons cited in

Section 3.2.1.3. the two values are difIerent and are less than 1.0 inch. which was

measured in both directions.

3.22.4 Load-Strain Response

Figures 3-25 and 3-26 illustrate the load-strain responses for the two exterior

bars in the hinge. Both bars yielded both in compression and tension. with the strains

in compression greater than those in tension. The general trend for both hars in the

hinge region was similar. and both showed evidence of strain hardening.
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Thc outcr and first inner hars wcrc hundled in-linc with the suong aXIs. As

expected. the t.... o hundled hars exhihited somewhat similar behaviors. as shown in

Figures 3-~7 and ~-~S. The only major diflcrence was that the strains corresponding to

the positive loads in the first inner hars were approximately 20 to 60 percenl lower than

those in the outer bars. Figures 3-24 and 3·~O are f()f the two inncr-Olo;,t hars in the

hinge. These t....ll bars cxpcnem;ed ren..rsals of tension and compression up to the first

half of the load histor~. atter which the) were primaril~ subjected to tension.

Figures 3-3\ through 3-36 present tht' load-strain relationships for the gages

located outside the hinge throat. Figures 3-) I and 3-32 arc t(Jr the two outer bars. \

inches ahovc the hinge. Both bars yidded in tension. In Figure 3-32. the strain gage

failed before the end of testing. The load-strain re!ationships for gages located on the

two tirst inner bars, :I inches ahove the hinge. arc shown in I-igures 3-33 and 3-34.

These two figures show somewhat different behavior in the negative rcgiom. Loading

to the left put bar 2 in tension (Figure 3-B). but loading to the right led to compression

in Bar 5 (figure 3-34). This indicates that the depth of the compression zone was larger

in the later case. and confirms that the axial load was larger when the specimen was

pulled towards thc actuator. The strain behavior of the two outer bars. 6 inches above

the hinge, can be seen in Figures 3-35 and 3-36. Tensile yielding in the outer bars

extended 6 inches upward into the column: compressive yielding was limited to the

hinge throat

Based on the measured response. all four exterior bars in the hinge region were

subjected to reversals of tension and compression. The Iwo interior bars experienced

mostly tension. indicating that the hinge behavior was dominated by flexure. For such

a column as BB2C (aspect ratio of 2). it was expected that flexure would dominate the

overall behavior. Howevcr. some :ihear slip did take place following significant tensile

yielding of the bars

3.2.3 Specimen ODIC

Specimen DBIC (diagonal bars. aspect ratio of I. cyclically loaded} was

subjected to ninc cycles of displacement reversals at four amplitudes (Figure 2-\4),

Figures 3·37 and 3-38 are photographs taken after testing. The column had separated
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from the flJoting. indicating that the joint had tailed. There were no major cracks

olJtside the column's hinge area; however, some cracks developed on top of the base

near the tinal stages of testing. These cracks originated at the anchor rods (Figure 3-38).

3.2.3.1 Load-Deflection Response

Figure 3-39 shows the load-deflection response for the specimen. Specimen

DR I C was loaded using the same loading history as RB I C. Figure 3-.:19 shows notable

pinching. at a ductility factor of 2. with more significant pinch109 at a ductility factor

of 4. The largest load applied was 23.6 kips in the positivI: direction and 26.6 kips in

the negative direction. On the last cycle. the maximum value \\as 21.2 kips in the

positive din:ction and 24.5 kips in the negative direction. strength degradations of 10. I

percent 7.9 percent. respectively.

3.2.3.2 Load-Rotation Response

Figure 3-40 shows the load-rotation response of the specimen. The rotation was

always larger in the positive direction cf each displacement cycle.

The ma\.imum rotation was 0.0564 radian in the positive direction and 0.0422

radian in the negative direction. The maximum rotation ductility was 21.0 in the

positivc direction and 10. I in the negative direction.

l ;nlike the load·rotation response for specimen BB IC. the hysteresis loops for

specimen DB IC were stable at a displacement ductility of 4.

3.~.3.3 Load-Slip Response

Figure 3-41 shows the load-slip response. Similar to the previous specimens. the

slip increased with an increase in lateral displacement. The maximum slips were 0.175

inch in the positive direction and 0.104 inch in the negative direction.

The calculated maximum deflection, based on the measured rotation and slip

between the column and the footing plus the flexural deflection, was 1.082 inches for

the positive direction and 0.784 inch for the negative direction. The calculated

deflections for the two directions are different because rotation between the footing and

the test platform was not considered. When comparing this result with the calculated

deflections for specimen BB1C, the calculated deflection shows more offset in the
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positive direction. attributahle to the gap ht:tween the column face and the ram collar

on one side of the column.

3.~.3.4 Load-Strain Response

Figures 3-4~ and 3-4.'\ arc the load-strain responses f(lr the two exterior hars at

the hinge throat. Both bars experienced reversals of tension and compression and

yielded in tension. The general trend was a nearly-linear relationship between load and

strain. The four interillr hars primarily experienced tension in the hinge region. as

shown in Figures 3-44 to .'\-47.

Figures 3-48 through 3-53 art: the load-strain rel:ltionships I()r the gages located

ahove the hinge throat. I'igures 3-48 and 3-49 an: Ill[ the two cXh:rior hars. 3 inches

above thl: hinge. Both bars yielded in tension after experiencing reversals of tension and

comprl:ssion. Figure 3-50 shows the response for bar I. 6 inches above the hinge. The

bar reached yielding in tension and almost reached yielding in compression. figurl:s

3-51 through 3-53 show the responses tllr three of the four interior bars. 6 inches above

the hinge. There was no significant strain at these locations; all were subjected to :>lnall

tensile strains. far from the yield point. Figures for the two strain gages at locations

symmetric to the gages in Figures 3-50 and 3-51 arc not available because the data were

not properly recorded.

All bars in the hinge region were subjected to significant tension. except for the

two exterior bars which were subjected to tension and compression reversals. S:milar

to specimen BB 1C. shear dominated the response after tensile yielding of the steel.

3.2.4 Specimen DB2C

Similar to BB2C. specimen DB2C (diagonal hars. aspect ratio of ~. cyclically

loaded) was subjected to ten and one-quarter cycles of displacement reversals at five

amplitude levels (Figure 2-15). Figures 3-54 and 3-55 arc photographs taken at the end

of testing. The column separated from the footing. indi.:ating failure of the hinge. There

were generally no cracks observed outside the hinge area on the column: however. at

the final stages. there were some cracks on top of the base near the anchor rods (Figure

3-55),
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3.2.4.1 1.11ad-Ddlcction Rc~pon~e

Figure 3-56 shows the load-delkction response f()r the specimen. Evcn at a

displacement ductility factor of~ (±05 inch displacement). some slight pinching of the

hysteresis loops is present. At a lateral ductility of 4 (± I inch displacement I. moderate

pinching is apparent. indicating a loss or energy ahsorption capacity.

The largest load applied was I~.~ kips in the positin' din:ction and 13.7 kips in

the negative din.:ction. On thc last cycle. a maximum of I J.lj kips was applied in the

positivc direction and 12.8 kips applicd in the negative direction. strength degradations

of 3.3 percent and 6.6 percent. respectively.

:L~.4.2 Load-Rotation Response

Figure 3-57 shows the load-rotation response. Similar to specimen BBIe. the

positive rotation during each cycle was always larger.

The maximum rotation was 0.0297 radian in the positive direction and 0.0223

radian in the negative direction. The maximum rotation ductilit~ was 17. I in the

positive direction and 9.0 if' the negative direction.

For specimen DB2C the magnitude of rotation was a function of lateral

displacement only. as indicated hy the overlapping cycles at the .>dIDC ductility level.

3.2.4.3 Load-Slip Response

Figurc 3-58 shows the load-slip response for specimen DB2C The maximum

slip was 0.052 inch in the positive direction and 0.073 inch in the negative directiun.

The load-slip response was generally unsymmetric with the slip in the negative direction

larger than in the positi"'~ direction.

Maximum deflectIons can be estimated using the measured rotations and slips

and the flexure and shear deflections of the column. Shear deflection was very small

and was neglected. Rotation between the footing and the platform was not measured

and. thus. could not be used in calculating the deflection. The calculated deflection was

1.020 inches in the positive direction and 0.806 inch in the negative direction. The

difference in the two values is due to the rotation between the footing and the platform

and the gap between the column face and the ram collar.
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~,2.44 Load·Strain Rcsp(Jnse

Figures 3-5l) through 3-71 show the load-sirain relationships for speClnlt:n

DB~C corresponding strain gage locations arc also sh(lwn,

Figurt:s 3-5lj and 3-60 arc the hl.ld-strain responses of the two exterior hars in

the hinge region. Both bars cxpcricnced reversals of tension and cl)mpressinn and

yielded in both tension and compression, The strain in Bar 1 eXI:ceded 2.5 times the

yield strain. Bar 6 also yielded in hoth directions. hllwe\er. the extent of yielding can

not be determined because both strain gages failed during testing.

The load-strain relationships for the two inner bars in the hinge rl>gion arc shown in

Figures 3-61 and 3-62. Although the hars are located symmetrically. bar 2 experienced

primarily tension whilt: bar 5 t:xpcricnced rewrsals of tension and compression, As

discussed in Section 2,8.1. the actual axial load on the column was smaller when the

column was laterally loaded in the positive direction and larger when loaded In the

negative direction. This resulted in a shirt in thl' location of the neutral axis.

Figures 3-63 and 3-64 arc lor hars 3 and 4, The anomalous shift in Figure :\-63

occurred after three cycles. when the reading from one gage substantially increased for

an unknown rcason. Figure 3-64 shows that the steel experienced reversals ()f tension

and compression and yielded only in tension,

Figures 3-6"; through 3-72 are the load-strain relationships lor the gages located

outside the hinge throat. Figures 3-65 and 3-06 are for the two exterior oars. 3 inches

above the hinge. Both bars yielded 111 tension before the strain ganges failed. Figures

3-67 and 3-68 are tor the two exterior bars. 6 inches above the hinge. Yielding

progressed 6 inches upward into the column. Figures 3-69 through 3-72 show that there

was no yielding 6 inches aoove the hinge in the four interior bars,

All six bars at the hinge throat were subjected to reversals of tension and

compression and yielded in tension. The two interior bars experienced mainly tension

with some compression, As expected. flexure dominated the overall behavior: however.

some shear slip resulted following tensile yielding ('I' the hars. indicating some loss of

shear resistance.
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3.3 Shear Specimens

The three shear specimens. SSP). SSI)~. and SSP~. were Identical in

configuration except fix hinge depths of 0.5 inch. I.U inch and) .5 inches. re"pectively

All three specimens were monotonically loaded to failure by an incrementaJly-applicJ

point load. as shown in Figun: ~-8. :\ photograph of a tailed shear spccin,t::l is shown

in Figun: J-73.

3.3.1 Load-Deformation Response

Figures 3-7.t through 3-76 show the load-deformation responses f(H the shear

specimens. The slip axis shows the rclati\e vertical displace..lent of the left and the

right sides of the specimen. The peak shear !()rcc experienced by all three specimens

was close to 40 kips. The response histories can be brokcn into three regions: (I) a

vcry-stiff linear relationship bet()re the peak shear f()rce was reached (typical for "push

off' shear specimens): (2) a sudden drop (approximately 50 pcrcenl\ in shear force

Immediately after reaching the peak f()rce: and I:;) after a shear deformation of

approximately 0.3 inch. an increase in shear force to a second peak at a deformation of

approximately 0.9 inch. This incn:ase in shear force was a n:sult of strain-hardening in

the reinfon:ing steel. The ratio of the second peak to the first peak was 78 percent 10r

SSPI, 71 percent for SSP2. and 6~ percent for SSP3.

Under pure shear. the shear capacities of the 3 specimens before cracking were

identical The peak shear force was twice the value calculated from the shear friction

method' for all specimens. This strength is not a dependable value since it represents

the uncracked condition. After a relatively large slip (0.8 to 1.0 inch), an increase in

shear force occurred in all specimens. At this stage. a crack had developed at the hinge

throat and the shear friction mechanism prevailed. The second peak was largest in SSP)

and smallest in SSP3. This is believed to be a result of a higher degree of concrete

confinement in the hinge throat with the thinner hinge.

The large magnitude of the second peak following relatively large slips may not

be significant und, .. monotonic loading; however, it may affect the ability of the hinge

to sustain large-amplitude cyclic deformations that rna} be caused by seismic loads.
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3.3.2 Load-Strain Rrsponsr

Figures )- 77 thro'.Igh )-~:" ..1f\~ the j'lad-stram relationships for th\.' sh\.'ar

spt:cimens: correspondir,g. strain gag\.' locallons art' also shO\\n.

All hars yielded in thl: hin~l..· r\.'gJlm. and mdjor strain acti\ities occurred hefon:

thl..' p\.'ak shear fon;es wer\.' leached. [he load-,;tram curws c.msist of fllur regions: ll)

a smail initial strai;] (roughly fO ~l-in. in.) resulting from tht> :;clf-wcight Ill' the

specimen hefor\.' IO;.JJi.1J: (~) a ne~r1y-hnt'ar rdatJonship up to appwximatdy 4.' p\.'fCl:nt

of thl: peak shear li)ree with ~! sl;ght inl,;reasc in strain: n) an im:rcase in sh.:ar force

corresponding to a large increase in strain (approximately 2100 J.l-in.iin.): and (4) a

small increase in stram with a large drl\p in shear fcrce for specimens SSP I and SSP2

and a small decrease in shear lim;e I(IT -.pecimen SSP:;

3.4 Compression Specimens

Thn'\.' compressil\ll .:pcc:mens Wl're tested to determine the encct~; of hingc

thickncss on confined concrete compressive strength. Three compression specimens.

N('S I. N( ·S~. and NCS:;. were identical in configuration I:xcept fi.x hing.e depths of 0.5

inch. I,n inch and 1.5 inches. respectively. loading was applied incrementally hy a

point 1030. as shown in Figllre 2-9. Becawje of the relatively small cross section and

large UllH.unt of sted. the column regions were wry congested: some internal air

pockets may haw been present.

Because of the high degree of confinement in the hinge region, the column

segments failed before the hinges. A failed specimen is illustrated in Figure 3-86.

Failure \\Cas initiated from cracking in the middle of the column. Figures 3-87 through

3-89 show the load-deformation histories for the specimens. The peak axial loads were

149.5 kips and 140.0 kips for both specimens NCSI and NCS2, and specimen NCS3.

respectively.

The peak loads were used to back-calculate the ;ower bound of the confined

concrete strength in the hinge region: by doing so. thl..' confined strength was found to

be 8500 psi for NCS I and NCS2. and 7900 psi for NCS3. The apparent hinge concrete

strength to the cylinder concrete strength ratios were 1.50 for NCS I and NCS2. and

I .40 for NCS3.
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hgures :;·~o through :;-45 show the load-strain relationships and gage locations

for the compression specimens. Both hars in l\iCS J at the hInge throat hcha\cd lincarl)

up to yielding In compressilln. Thl' t\\O hars in l\i( 'S2 also heha\cd linear!) at the hinge

throat. hut only one yiclde Thc load-strain rclati\lnship lilr ;'\;( 'S:; in the hingc throat

was also I incar. hut m:ithcr har yielded.

3.5 Plain Concrete Hinge Specimens

Plain concrete hinge specimens wcre a.\ially loaded to lailure to quantify the

wntinemcn. provided hy concrete immediatcly above and helow the hingc (Figure 2

10). The failed spec:mens are showr in the photograph in Figure J-Q6. Failure consisted

\If vertical cracking in the concrete. lilllowed hy penetration of a wedge into the

concrcte

Tahle 1-1 shows the a\·crage strength of each group of specimens, the ~oncrctc

compressivc strength on the day of testing. and the ratios relating hinge strength to

unconflOcd compressivc strength. figure :;-97 presents the test results for all hinged

specimcns and the average hinge strcngth-to-unconfined compressive strength. The

ligure also shows a dashed line which is the recommended hinge strength-to-concrete

strength ratio of \.25 for design purpose. The hinge strength was always higher than

thc unconfined comprcssive strength: howe\er. there is no clear indication that the

magnitude of hinge width to thickncss (height) ratio had a significant influence on

compressivc strength in the hinge throat. The strength ratio varied from 1.27 to 1.6\

with an average of 1.38 and a standard deviation of 0.147. The ratio of 1.25. which is

approximately the mean value less one standard deviation. wa.. deemed a conservative

and appropriate value.

32



Chapter 4

Analysis of Test Results

4.1 General Remarks

Ihis chapter Jiscussl:s analysis of the tl:st data presented in Chapter 3, a detailed

l'xplanation of the more important n:sults is als(l presented. A comparistln of column

energy ahS('rption capacities under cyclic loading. slip response of specimens .... ith

dinerent reinti.)rcing details. and tlexural analysis l)f thc hinged I:olumn spcl.'imens In

the strong direction is also described. Additionall~. the influence of the variation of

applied axial load on the Ocha\ ior of thl.' specimen is discussed,

4.2 Energy Absorption Capaci~' Comparison

The energy absorhed hy a column during a loading 9ck is represented by the

area I:nclosed by the load-displacement hysteresis curve. The effectiveness of encrgy

dissipation provides a basis for comparison Octween column specimens incurporating

different hinge details.

The energy absorption capacity for each cycle was calculated for each specimen

by integrating the area within the load-deflection curve. The load-deflection curves for

bundled bar (BB) and diagonal har (DB) specimens an: shown in Figures J-5. J-:~2.

3-39 and 3-56. The curvcs for standard detail (SO) specimens. ohtained from Ref. 37.

arl.' shown in Figures 4-1 and 4·~,

Figure 4-3 shows the energy absorption per individual load cycle for the

specimens with an aspect ratio of 1. Specimen BB I C possesses a higher energy

absorption capacity at larger displacements (cycles 8 and Q). Specimen UB I C shows

a lower energy absorption capacity at nearly all displacements compared to the standard

specimen (SDICl,

The energy absorption comparison for the specimens with an aspect ratio of 2

is shO\\'tl in Figure 4-4. The standard specimen showed higher energy dissipation at

nearly all displacement amplitudes, Specimen BB2C exhibited lower energy dissipation

than BB IC. indicating that bundled bar details can improve energy characteristics in

hinges where shear dominates.
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Ihe en~rg~ aosorption comparis(Jn did not takl.' into acwunt the eftc\:ts (11'

\ariation in con~rete strength, It was hdie\l,:J that small variations in wncrete

l:ompressi\e strength would not han: a significant influence on thl: energy ahsorptlOn

l:haracteristics

The energ~ dissipated o~ a ~rfcdl~ elastn-plastic s~ stem during a wmpll:tl'

displal:cmcl1t c~de. as shown In Figure 4-5. is the area of the parallelogram BCDI" I'm

a particular Jispla~ell\ent ductilit~ factor. u. thl' ideal plasti~ l'nerg~ dissipated. I:~. can

Ol: cakulated as:

(~-I )

when: f is thl: distance hetween the applied lateral load and the hinge. I~, is the

maximum shear lilrcc. and d, is the displacemenl.~

lhe measured energy dissipation. E. can he di,'idcd by Er for the same

displacement ductilit~ factor. Instead of using "cnergy absorbed" as the vertical axes

in Figun:s 4-" and -t-·t a ratio of f} 1',',. can oc used. The aho\l' equation is not valid for

It less than 1,0 since. in a perfectly e1asto-plastic system. no energy absorption occur~

prior to yielding: therefore. thl' E/Er ratio can he calculated only for cycles 4 through

I),

Figure 4-6 is a comparison of the rdative absorbed energy during individual load

cycles for th~ specimens with an aspect ratio of 1. The observations are identical to

those in Figure 4-3; the column incorporating the bundled bar detail exhibits highcr

energy absorption at larger displacement amplitudes. The specimen with diagonal

reinforcement shows lower energy absorption at nearly all displacements. compared to

the standard detail specimen.

The relative energy absorption comparison for specimens with an aspect ratio

of 2 is shown in Figure 4-7. Again. the standard specimen exhibited a higher level of

energy dissipation at almost all displacement amplitudes.

The comparison confirmed that the specimens with bundled bar arrangement

exhibited higher energy dissipation at a lower aspect ratio. but not at a higher aspe".t
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ratio: this indicates that hundh:d bar dc:tails can improH' energy characteristics for

hinges where shear dominates the ht'ha\ior. Jrregardkss of wncrete stn:ngth \anations.

4.3 flexural Analysis

Flexural analysis of the specin1l'lIs ",as pl.'rlilrnled using the computer program

IA f( SR. reinforced com:rcte analy sis pro~ram that computes the moml.'nt and cunature

at thc ,ielli pnint nf a spccilied layer of stl:'d and at difkrent \aJul:'s of wncrl.'tc strains

'1 he program assumes that plane sections remain plane: atkr bending and that the stress

strain curves for concrete and s!l'd arc knov;n. Thl:' Hognestad modl:'l:'~ consisting (If

a parabola and a linear segment. is used as the concrele constitutive relationship (Figun:

4-8). A hilinear stress-strain relationship with c.:Iastic and strain hardening hranches is

used t(lr the reinli.m:ing sleeL The input data for the program wnsists of concrete and

steel properties as well as the geometric seclion properties and the existing axial load.

Figures 4·9 and 4-10 shov. the interaction diagrams hlr thl: HR and DH

specimens. respecti,e1y. These curves correspond 10 a maximum concrele strain of

0.004. The 26 kip axial load applied to each specimen during It'sting is indicaled on the.:

ligures. Measured concrete and steel prnpcrties were used in the analysis.

For the hundlcd bar specimens (Figure 4·9). a moment of )9~ kip-inch was

reach with a 26 kip axial load. The measured average moments for the positivc and

negative directions were 473 kip-inch for HBIC and 475 kip-inch for BB2C For the

diagonal bar specimens (Figure 4-10). the moment corresponding to an axial load of26

kips was 335 kip-inch. The measured average moments for the positive and negative

directions were 402 kip-inch for DB IC and 414 kip-inch for DB2C In each case. the

measured moment was about 20 percent higher than calculated. indicating that the

specimens were stronger than the computer model rrcdicted.

Because of confinement. the concrete strength in the hinge region was higher

than the measured concrete compressive strength. To account for this confinement. a

value of 1.25{', was used for the hinge concrete strength A value of 0.004 in./in. was

used as the ultimate concrete compressive strain: however, due to confinement, the

actual crushing strain was higher than 0.004. The study presented in Ref. 37 shows that

the concrete in the hinge throat is capable of developing straim up to 0.03 in.!in .. 7.5
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times larger than assumed ror this anaJ~ SIS. A highl"r \alul" of connete stram results in

a higher moment on the intcra\.:tion diagram.

The inlera~tion diagram~ for a \:onnetl" stn:ngth of 1.'2~t'. and an l"stimated

IIltimat\." concrete strain of O.()~ arc shown in Figures 4-11 and 4-1 '2. The moment

corresponding tll an axial force of 26 kips arc markl"d in the ligures The calculated

moments \~ere 461 kip-Im:h for the oundled oar specimens and W6 klp-im:h for the

diagonal oar spc~imens. The measured values match cxtn:mel~ well. with a rna:-;imum

di ffcn:nce of less than 5 percent.

Figures 4- D and 4-14 are the moment-curvatun: responses fllT hundled har and

diagonal har specimens. using the measured concrete strengths. The diagrams for

increased concrete strength and ultimate strain are shown in Figures 4-15 and 4-16. All

of these cunes are \ ery simIlar: therefore. Figure 4- i) wi II he used to descri be the data.

rhcn: arc five distinct hreak points. indicated hy the letters A through L. Point A is the

cracking point of the concrete. which occurred ai a moment of 124 kip-inch. Points B

and C arc the yield points of the bundled hars. which yielded in tension (Figure 3-1).

Point [) corresponds to yielding of bar ~ Finally. the ultimate point (EI corresponds to

the crushing of concrete at an ultimate strain of 0.004 inJin.

4.4 Effects of Variation in Axial Loading

As described in Section 2.8.1. the axial load applied to the column specimens

was intended to be kept constant. but the actual load varied due to the nature of the test

setup. The load cell in the testing machine measures total load on the platform.

Although the test frame was very stiff: overtuming effects increased or decreased the

load on the platform. This variation in actual axial load resulted in differences between

the measured capacity in opposite directions.

To estimate the actual difference in the column axial load. the load-moment

interaction diagrams can be used. A tang.ent line drawn on the interaction curve through

the point corresponding to the axial load of 26 kips gives an approximate relationship

between the variation in moment and axial load (Figures 4-11 and 4-12). The slope of

the line is 0.325 kiplkip-inch in Figure 4-9 and 0.302 kip/kip-inch in Figure 4-10. The

difference in shear capacities can be multiplied by the height of the lateral loading to
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obtain thc difference in moment capacities. Thc difference in axial loading In two

directions can bt: ohtained hy multiplying the moment difference hy the slope of (J.3:!S

kip/kip-inch for BB specimens and 0.302 kip/kip-inch for DB s!JCl.:imens. Diffcrence'i

resulting from eccentricity in the axial load "as negligihle.

lahle 4-1 lists a summary of these calculations. The difference In axial load is

I~.O kips for BBle and l-t 5 kips for DBIe. Specimen BBIC "as actuall~ subjected

10 an axial load which vaned between 20.0 kips in the positive dire\.,tion and 12 kips

in the negative dlrcction (with an a\\:rag.e of 26 kips I Specimen DB IC cxperiem:cd a

axial load of 18.7 kips In the [Xlsitive dircction and 33.3 kips in the negative direction.

Similarly. the difference in axial load was 2 1.8 kips for BB2C and 20.9 kips for

DB2C. This means that the axial load on BR2C varied from 15.1 kips in the positive

direction and 36.Y kips in the negative direction. Specimen DBlC experienced an axial

load of 16.8 kips in the positive direction and 35.2 kips in the negativc direction.

The difTerence between load variations for specimens of thc same aspect ratio

may be attrihuted to approximations in the interaction diagrams and crudeness in

drawing the tangent lines.

4.5 Slip Response Comparison

The slip response histories for the column specimens are shown in Figurcs 3-7.

3-24. 3-41. and 3-58. Tahle 4-2 summarizes the maximum slips for these specimens,

The results for SD IC and SD:!C were ohtained from Ref. J 7.

The load-slip responses were symmetric I(Jr positive and negative loadings up

to a displacement ductility of 2; however. they were unsymmetric when the ductility

approached 4.

The slip difference in the JX'sitive and negative directions resulted from

variations in axial load. Higher axial loads restrict column rotation; to achieve the same

deflection at the top of the column with a smaller rotation. the slip must increase. At

small displacement levels. the variation in axial load was small and the slip in both

directions was approximately the same. At larger displacement levels. the difference in

axial load became significant. and its effect on rotation became considerable.
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For specimen BB IC. the positivI: slip was comparable to other specimens with

the same aspect ratio. hut the negati\'C slip was much larger Tahle 4-2 lists the slip of

specimen DBIC in the positive direction as 0.175 inch. comparable to the slip ti)r

specimens BBIC and SDle in the same direction (0.147 lfich and 0.22 inch.

respectively): however. the rcgatiw slip of DBIe. 0.104 inch. was considerahl~ less

than DB Ie al1.... SO IC (O.:t11 inch and 0.25 inch. respectively).

To compare the maximum slip response ti,r all specimens. the average slip in

both directions is a reasonabk representation of the response. The average slips are also

listed in Table 4-2. For tht> spedmens with an aspect ratio of I. specimen DB IC

exhibited the lowest average slip. a result of the diagonal reinl<.lfcemcnt in the hinge.

It appears that the diagonal n:inforccmcnt can also reduce the slip for an aspect ratio

of 2. albeit not signiticantly.
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Chapter 5

Finite Element Studies

5.1 General Remarkli

:\ finite dement analysis was perfllrmed to imcstigatc the stress distrihution and

intensity in the hinge rcgion of column spcl:imens. she.:r specimens and compression

specImens The results prm·ide e\·idence of concrck confmement in the hinge throat

under various loading conditions. hetlm: cracking takes plal:e. A nonlinear finite

clement analysis would pw\·ide the stress distrihutlon under various stages of

precracking. post-l:facking. and ;,ost-yielding stages: howcn:r. available programs do

not adequatdy addrl:ss the important factors DevelopllH:nt of a new nonlinear finite

clement program was heyond the scope of this study.

The: \ariablcs invohcd in the finite clement models were variation m hinge

thickness for I:olumn specimens and compression specimens. and variation of hinge

thickness and footing slope for compression specimens. Sloped footings were

investigall:d as a way of allowing greater rotation betwl'en the column and the

fl) undat ion.

Thl: commercial finite clement package 1.\f.4(if.'·-JD'o was used to peJt0rm the

analysis. 1.\fA(iE...·-]/) is a three-dimensional general purpose finite element analysis
7-

program for IBM and comp·-ttible personal computers.

Because of symmetry. only one-half of each specimen needed to be modeled:

planes of symmetry were restrained to provide proper boundary conditions. The finite

clement models were composed of many rectangular 'OOlid elements of various sizes.

smaller elements near the hinge. Where the element size changed. discontinuities

occurred: these discontinuities should not he a concern since they occurred relatively

far from the hinge region

The concrete modulus of elasticity used in the program W.J hased on a

compressive strength of 4000 psi; Poisson's ratio was assumed to be O.~5. Reinfor.:ing

bars were not considered in the modeling.
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5.2 Column Specimen Models

Thl: finile:' clemen! model of the column spe()mcn is shown in Figure 5-\. Lach

model consisted of ~92 solid clements. of which eight elements represented the hinge

throat Nodes on the plane of symmetry (X'-':: plane) were restrained in the translational

.I-direction Nooes Oil the Ot)ltom of the footing were restrained in the translational :

Jirecthm. lhc node lucated at the origin wa.' restrained in all directions to make the

system staHc. All other dcgn:es-llf.frcedom in the model were unrestrained. The figures

presented in the following sections show relative stress magnitudes under various

loading conditions. The stresses correspond to the stress at the center of the elements

in the hinge throat.

The model (Figure 5·1) was luaded at the two nodes ,orn:splhiding to the

locations of the applied vertical and lateral loads on the test specimens. Both point loads

were 13 kips. equi\alent to ~6 kips were the whole specimen mooeled. In this analysis,

the hingr: thickness (dimension in the ;·dircction) had values of 0.5 inch. t ,0 inch. and

1.5 inches, to examine the dfect ()f hing.e depth on stress distrioution.

Figures 5-2 through 5-4 show the hinge nonnal stress distributions (0" 0" 0)

widl respect to hinge depth Figure 5-5 shows the shear stress distribution (r.:'. For the

normal stresses. positive values indicak tension. while negative values represent

compression.

The concrete in the compression rcgll.m of the hinge throat is confined hy

concrete immediately above and below as a result of the reduced cross section. This is

evident in figure 5-3, which shows the stresses in the y-direction. The stresses increase

from the center to the edge ill both compression and tension. although the increase in

the tension zone i:-: of no practical significance. As the hinge thickness Wa!i reduced

from 1.5 inches to 0.5 inch. the confinement stress increased approximately 40 percent

in element 8 and 27 percent in element 7. The change in depth did not significantl)'

affect stresses in the x-direction (Figure 5-2) tor the inner elements: however, it did

have some effects on the outer elements The y-stress component increased about 22

percent for a hinge thickness of 0.5 inch. The hinge thickness had little influence on the

40



stresses In the vertical direction (Figure 5-4,. The stress di:.tribution In all three

din:ctions de\ iated slightly from linear; this \.\as attrihutl:J tll mesh ~ize.

The magnitudes of confining stresses in thl: y-direction .... ere approximately 47

percent. 38 percent. and 3J percent of the vertical strl:ss for hinge dl:pths of 0.5 inch.

1,0 inch and 1.5 inches. n:spcctivcly. in the intermediate elcmcnb 4 through 7. and 39

percent. 32 percent. and 28 percent. respectively. flJr element 8. The confining stresses

in the x-direction were approximatel~' 40 percent. )5 percent. and 32 percent of the

vertical stress fi.lr hinge depths of 0.5 inch. 10 inch and J.5 inches. respectively. in

dements 4 through 7. and 31 percent. 27 percent. and 24 percent. respectively. In

element 8. For a given direction. the lesser the hinge thickness. the greater the

confinement for a given hinge thickness. the .I'-dircction confinement is greater than the

x-tiirection continement.

Figure 5-5 shows the relationship bdwcen shear stresses in the hinge region and

hinge depth. The shear stresses are markedly higher in the I:dge clements than in the

interior elements. Shear stress distrihutions in the inner clements were relatively

uniform. Shear resistance in the hinging direction was non-uniform. with a larg.e

concentration at the edges.

5.3 Shear Specimen Models

Figure 5-6 shows the finite element models of shear specimens SSPL SSP::!. and

SSP) (with hinge depths of I. 2. and 3 inches. respectivel). Each model consisted of

512 solid elements. The only difference between the models was the size of the six

elements in the hinge throat. which produced the three ditlerent hinge thickness. The

nodes on the plane of symmetry (x-y plane) were restrained in the translational :.

direction. The nodes on the base plane (x-: plane) were restrained in translational y

direction. All other degrees-of-freedom were unrestrained. The origin node was

restrained in all directions to make the system stable. The load on the models was a

kip point load applied to the top of the model (Figure 5-6).

Figures 5-7 through 5-9 show the hinge nonnal stress distributions (0.. J" a:)

with respect to hinge depth. Figure 5-10 shows the shear stress distribution (T.. ). For
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normal stresses. positive values indicate tcnsion and negative values represent

compression.

"'igure 5-7 shows the normal stress distrihution in the x-direction. This stress is

primarily tension. with compression in the ~dge elements when the hinge was subjected

to pure shear in the direction of hinging. The segments on either side of the hinge

separated from each other. except ncar the edges. where the two segments pressed into

each other. There were no significant stress differences accompanying the change in

hinge thickness.

The normal stress distribution in the y-direction is shown in Figure 5-8. All

demems experiencec compression. with higher magnitudes at the edge elements.

especially at the top edge. The compressive stress in the top element decreased 17

percent between SSP! and SSP:! and 36 percent between SSPI and SSP3. The normal

stress in =-direction was primarily tension. Compression existed in the top elements for

all three models. and in the bottom element for SSPI. In the =-direction. compressive

stress in the top element decreased 32 percent between SSP I and SSP2 and 71 percent

between SSPI and SSP:!. Tensile stresses in the intermediate elements were linear, with

a 27 percent increase between SSP3 and SSP2 and between SSP2 and SSPJ.

Figure 5- I0 shows the shear stress distribution in the hinges. There were no

stress changes in the intermediate elements resulting from a change in hinge depth.

Some differences existed at the top and bottom elements. with the highest values in

specimen SSPI.

5.4 Compression Specimen Models

Figure 5-11 shows the finite element mesh used to model the compression

specimens NCS I. NCS2. and NCS3 (hinge depths of I. 2. and 3 inches. respectively).

Each specimen was modeled with 266 solid elements. of which six represented the

hinge throat. The nodes on the plane of symmetry (x-z plane) were ref-trained in the

translational y-direction. The base nodes (x-= plane) were restrained in the translational

z-direction. The node at the origin was restrained in all directions to make the system

stable. All other degrees-of-freedom were un~~strained. The model was loaded with a

1 kip point lo~d.
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hgures 5-12 through 5-14 show the hinge normal stress distrihutions \0,. a" 0:)

with respect to hinge depth. For all normal stn:sses. the distrihution along the hinge was

generally uniform, except fllr the edge clements. Stressl.'s in the .t- and y-direetions wen:

confinement stresses in the hinge. Continement stresses in hoth directions decreased as

hinge depth was increased. As indicated in Figure 5-12. the interior ekment normal

stresses in the x-dircl:tion dmpped 4 percent oetween NCS I and NCS2 and) 6 pen:en!

hetween !'<CS I and NCS3. These percentages wen: 22 pen:ent and :15 pen:ent.

respectively. for the edge clements. The I-direction normal stresses for the interior

clement (Figure 5-13) decrcased 14 percent hetween NCS I and NCS2 and 28 pen:ent

bdwccn NCS I and Nt'S3. These percentages were 22 percent and 35 percent.

n:specti\c1y. tlH the edge clements.

The vertical normal stn:ss distrihution f()r the compression spel:lmcns is shown

in Figure 5-14. The hinge depth did not appear to signiticantly aflcct the stress in the

vertil:al direction. The stress level fllr NCS I was slightlY higher in the edge elements

and lower in the mterior ekments than in specimens NCS2 and NCS3.

The rotation allowed hy a one-way hinge depends primarily on the thickness of

the hinge (dimension in the =-direction. Figure 5-11). The thicker the hinge. the greater

the allowed rotation. The I:oncrc:te in thicker hinges is less confined. and will directly

intluence hinge strength. To allow more rotation in a one-way hinge without reducing

confinement. the top surface of the foundation ma~: he sloped.

Finite clement analyses focusing on the influence of footing slope were also

conducted. Figures 5-15 and 5-16 are the finite element models with different slopes

in the top surface of the footing. The models were based on the compression specimen

NCSI (0.5 inch hinge thickness).

Figures 5-1 7 throug.h 5-19 compare the normal stresses for the nat footing to

footings with different slopes. The sloped footings did not appreciabl~ affect

confinement stresses in the hinge throat (under precracking conditions),

5.5 Concluding Remarks

The finite element analysis results shed some light on the behavior of specimens

under precracking condition. Focus was placed on the influence of hinge depth on
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confining stresses in the hmge throat. Under pure axiL:! load or under comhineJ axial

and lateral I,)ads. the cnnfinemcnt decn:ascd as the hinge depth was increased; however.

there was no indication of such inlluence when the hinge ""4\S sU~IC\:led to pure shear.

As an altematin: to incn:;J.sing hinge depth when it is desirahh: to allo.... a greater

rotation. the top surface of the footing may be sloped: this sloping will maintain the

desired level of clJnfim:menl in the hinge throat.
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Chapter 6

Lateral Strength of Hinged Columns

6.1 Introductory Remarks

Recent earthquakes have caused suhstantial damage to reinforced wncrete bridge

columns due to large induced lateral forces. Much of the damage directly resulted from

lateral lailurc of "hOTt columns. insuflicient ductility to withstand the imp'Jsed inelastic

displacements. and anchorage failure of longitudinal reinforcement in regions of plastic

hinging. I I 17 If there was a one-way hinge connection hetween the hridge deck and the

supporting column or between the column and the foundation. damage was likely to

occur in the hingl' region because of the reduced cross-section.

The most commonly used reinforced concrete one-way hinge in bridge columns

is the Freyssinct hinge. '1h In this type of hinge. little or no reinforcement passes through

the hinge throat The strength of the concrete in the hinge is considerable. and is

sufficient to resist internal forces due to vertical loads and thermal movements.

Reinforcing stet:! is used to provide shear resistance as well as to increase bearing

strength. A hinge throat depth of I to 4 inches is normally used to allow rotation about

the weak axis.

Bridge designers have used the shear friction method~H, to calculate the lateral

strength of hinged columns in the strong direction. assuming that all the bars at the

hinge throat yield in tension and that aggregate interlock occurs oyer the entire hinge

region. In reality. lateral forces are introduced into bridge columns through loads acting

primarily at the deck level; there can be significant flexural cracking at the hinge throat,

making this assumption questionable. 1h

This chapter introduces the compressive force path method (CFPM) to calculate

the lateral strength of reinforced concrete one-way hinged columns in the strong

direction. and compares the CFPM with the shear friction method. The experimental

investigations discussed in Chapters 2 through 4 and in Refs. 28 and J7 were used to

evaluate this new method.
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6.2 Shear Friction Method

The shear friction method has heen widely applil."d in design ~Jnce its

incorporation into the ;\('1 building code: in )lJ7). This thcor~ assumes that as the

conl.:rde segments on the two sides of a initially-cracked sl'clion slide rclatin: to each

other. ihcy introduce tension in the steel Lrossing the crack be~ause of Ihe roughness

of the agg.regate. The reaction hum this tensIOn is a compressive ItlrCc normal to the

crack; to this force. any applied compressJ\~: lorce is added. The product of the

compressive lorce and a friction factor results in thl' shear resistance (Figure 6- ) ).

The behavior of the hinge throat in a pinned bridge column is considerahl)'

dinerent (Figure 6-2 \. Normally. sunstantial flexural cracking llf concrete is expected.

limiting the contact area to the compression zone of the section. The extent of flexural

cracking is a function of the hinges's aspect ratio (the ratio of the inflection point height

III the hinge depth). To make a realistic prediction of shear strt:ngth. the effect~ of

flexure must be considered.

6.3 Compressi~e Force Path Method

Kotsovs'~ introduced a new method for predicting the ultimate shear strength of

reinforced concrele heams. Ihis method is based on the compressive force path which

was observed during experimental investigation of simply-supported reinforced concrete

beams with various arrangement of stirrups. The compressive force path is a reasonably

assumed "flow" line for compressive stresses with varying cross-sections perpendicular

to the direction of path. The key to this method is developing a path model capable of

providing a realistic description of the features which can cause failure of the column.

Failure is associated with the development of tensile stresses in the path region.

perpendicular 10 the compressive stresses. Tensile stresses may develop due to a number

of reasons. including an abrupt change in the column cross-section.

A sudden change in compressive stress field intensity along the path in the hingc

region appears to be a major cause of failure in hinged columns. Compressive stresses

reach a critical level in the hinge region where the cross-section is the smallest and the

stress intensity is the largest.
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f'igure b-l shows the assumed comprCSSI\C force path for a hinged specimen.

The path is a bilinear curw with a hOrlmntal path accounting for the application of

lateral force. In determming the path. two lines are first drawn hy extending the

directions of the vertical and lateral forccs to the point \\ hen.' the~ intersect: this point

is then connected to the center of the hingc compression zone. If tht: lateral forl';'> IS

applied as shear at thc top of the column. the suggested mmpressivc for.:e path would

he a line directl~ connecting the point \\herc the axial tilrct: is applit:d to the center of

tht: hinge compn:ssion zont:; an equivalent lateral Illrcc can he applied horizontall~ at

tht: top of the column.

Assuming that thc steel yields hoth in tension and in compression at the ultimate

state. the lengths of the tension and compression zoncs arc determincd hy considering

equilihrium in the wrtical direction. Lquilihrium in the vertical dlredion leads to the

following equation:

P1 ' (1 (6-1 )

where p. is the applied axial force. ~ is the ratio «/11 (where a is the length of

compression zone of the hinge and II is the dimension or the hinge in the strong

direction). w is the dimension of the hinge in the weak direction. .4, is the total area of

reinforcing sted in the hinge. /; is the yield strength of the reinforcing steel. f. is the

specified concrete compressive strength..~ is the concrete compressive strength in the

hinge throat (1.'25f,). and l' is the angle or the compressive force path relative to the

vertical axis.

The parameter P, may he taken as the unfactored dead load acting on the

column. The compressive strength of the concrete in the hinge region is assumed to be

25 percent higher than the specified compressive strength because of confinement. This

increase was justified by the testing described in Chapter 3. and is conservative. The

angle l' is a function of Eand may be ~Ti"en as such; however. such a substitution will

complicate the equatior.. In subsequent sections it will he shown that l' may be taken

as the arc tangent of hI2.! with little effect on the calculated shear strength. Based on

this simplification. ~ can be determined from Eq. (6-1).
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Iht: lateral load capacit: of the column can ~ cakulated h: taking the moments

ahout the center of compression zone:

v, -O.5P ( 1
f .\

.;) h • 0.5 ( 1

where I is the lateral load capacit: of the hinged column and I is the distance from the

lateral force to thl' hing\:'.

6.4 Testing Program

Fxperimental results were used \0 evaluate the compressive force path method

for estimating lateral strength of hinged spcClmens. Thc c"aluation consisted of two

parts: (II to determine the actual lateral strength uf the hinge specimens. and (2) to

determine the ultimate concrete strength in the hinge throat.

6,4.1 On.:-Eighth Scale Column Specimens

As discussed in Ref. 28. fllur specimens with one-way hinge details were tested

to failure (Figure 1-4). fhe specimens were one-eighth scale n:presentations of the

hinges in the Rose Creck Bridge (Figure I-~). The column cross-section measured 2

inches by 12 inches in the hinge area and 6 inches by 12 inches elsewhere. The hinge

throat in each specimen was reintorced with six No.2 plain hars: the aspect ratio (//h)

ranged from I to 3. The columns were sub.iected to a series of monotonic and cyclic

loads. but no axial loads were applied to the specimens,

6.4.2 One-Sixth Scale Column Specimens

Eight one-sixth seale models of the Rose Creek Bridge columns were tested in

(Figures 1-5.2-1. and 2-2). The cross section of each column specimen measured 6.5

inches by 16 inches. reduced to :::.5 inches by 16 inches in the hinge region. The hinge

throats in the four standard detail specimensJ7 were reinforced with equally spaced bars

to simulate common practice. The four bundled-bar and diagonal-bar specimens

(Chapter 2) had modified reinforcing details. Reinforcing steel in all eight specimens

consisted of No. J. Grade 60 deformed hars.

Other variables considered include column aspect ratio and loading type. A

nominal axial load of 26 kips was applied to the columns. This load produced an axial
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stress in the hinge throat approximatcl~ thc same as the dead load strcss in the Ro~

('reck bridge. Fur specimens which were tcskd \:ydicall~. the lateral load capacit~ was

!lased on the envclop of the hysten:sis cur,,:.

6.4.3 Plain Concrete Hinge Specimen

Concrete in the hinge n:gion is conlincd in a triaxial state of 'ilress To I.juantif)

this confinement. twenty.four small scalc hin~ed specimcns wcrc constructed and tested

in compression (Figure :';-51. To determine the dkct of thl' hinge width-to-hcight rutio.

the hinge thickness was varied from O.2~ inch to 2.0 inches. with a constant width of

1.5 inches: this produced width-to-thickness ratios ranging from U.75 to 6 (the hinge

width-to-thickness ratio in the Rose Creek Bridgl.' is 4). Nn reinfi.)rcin~ steel Wus used

in the specimens.

Tahle ~-I lists thc average compressivc strength of eal:h group of spel:imens. the

unconfined compre:isive strength on the da) ()f testing. and the ratio of hinge strength

to unwnfined compressive strength. The hmge strcngth was higher than the unconfined

compressive strength. "arying from 1.'27 to 1.61: however. there is no clear indication

that the hcight-to-width ratio had a substantial influence. The higher concrete strength

in the hinge region can he incorporated mto the compressivc fi.m.:t: path method. A ratio

of 1.25. which is approximately the mean valuc less onc standard dcviation. was

deemed to be an appropriately conservative value.

6.5 Comparison of Analytical and Experimental Results

Table 6-1 shows the comparison of measured and calculated lateral load

capacities for all column specimens. The results based on the compressive force path

method were determined using an approximate value for 'Y. The results hased on the

shear friction method overestimated the column strength by 230 to 500 percent. The

compressive force path method led to results which were very close to the measured

data. Table 6-1 also compares the lateral load capacities using different compressive

strengths for the concrete in the hinge. By using strengths 25 percent greater than the

unconfined compressive strength. the compressive force path method led to an cx~eIlent

prediction of lateral strength for all specimens.
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6.6 Effect of Approximating )'

It was noted in pre\\ous sections that th~ angl~ ')' is a function of thl: ~ fac[(lr.

To simpli(\ this anal~ sis. hll\\l:\t:r. )' was Jpproximah:J n~ the arc tangt>nt of h '2/

Table 6-~ shows the influence or this simpliticatlon. Th~ predicated values based on the

approximate valut: t(lr )' arc within ~ percent l)f the values calculated using the l'xact

method.

6.7 Conduding Remarks

The compn:ssiw flJrcc path method. used to deh:rmine the latl'ral load stn:ngth

of one-\\ay hinges in the strong dirl'ction. leads to results which arc in \'Cry dose

agreeml'nt with the measured results for twd\C column specimens. The shear friction

method. currently in usc hy designers. "as ti.)und to produce rl'sults which can be

several times higher than the observed streng.ths. The amount of calculation In\·olvcd

in the comprcssivl' force path method is comparable to the shear friction method.

In thl' compressivc forcc path method. the concrete compressivc strength in the

hinge throat can I'll' assumed to be twenty-the percent higher than the unconfined

compressive strength. This increase. a result of conercte continement. is justified by

comprt:ssJOn testing of 24 plain concrete hinge specimens.

50



Chapter 7

Aspect Ratio of Bridge Columns with One-wa~' Hinges

7.1 Introductory Remarks

The lateral load ~apa~ity of a hinged column in the strong dire~tion depends on

the shear span-to-depth ratio (aspect ratio' of the column. i.e .. the ratio of inflection

point distance from the hinge to the hinge lkpth. The oeha\ior of one-wa~ hinged

columns change from pure shear tll Ikxure when the aspect ratio ~hangcs from zero to

a larger value. t:nder pure shear. the shear fri~tion theory is valid since this theory

assumes a cracked section and assumes that aggregate interlock provides shear

resistance The aspect ratio is not a parameter in the shear friction theory: however. it

is a fa~tor in the compressive force path method. which has been shov.n to be: an

accurate mt:thod of predicting lateral strengths. A rational determination of the aspect

ratio is essential to an accurate predication of lateral strength.

rhis chapter presents the results of analytical studies of this parameter. The

studies v.erc performed on single-column hridges without exp:msion joints. using the

computer program /SA f)A B.;<

7.2 Computer Program ISADAB

The computer program /SA DA B uses a multiple degree-or-freedom nonlinear

model lor analyzing the transverse response of highway hridges subjected to static

lateral loads. free vibration. and earthquake motions. Nonlinear effects are accounted

for by incorporating translational and rotational springs at abutments, column bases. and

column foundations. The deck and columns arc treated as line elements.

Two hysteresis models were used to represent the cyclic behavior of the

nonlinear components: the Ramberg-Osgood model ll for the abutment springs. and the

TQ-hyst modcl 14 for pier and foundation springs.

Figures 7-1 and 7-2. obtained from Ref 18. show a schematic view of one-half

of a bridge system and a pier element. The pier element was assumed to consist of an

infinitely rigid top part. an clastic line element. and a nonlinear rotational spring at the

base. The rigid end segment represents the segment from the centroid to the bottom of
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the deck. The rigidit~ for this segment IS assumed l<1 be intinit~ sin\:e the pier cap

sections are considerabl) wider than the pier wlumns. The moment diagram for the pier

is shown in Figure 7<~(c) The maximum moment ordinarily occurs at the hase For the

columns incorporating hinges. the length of the yielded region was assumed to be equal

to the length of the hinge throal. The /'l(lundar~ conditions anJ spring numbering

scheme is shown in Figure 7-1.

The analytical modd was f(mnd to han: a reasonahle l.:orrdatinn between the

calculated and measured static and dynamic n:sponse of the Rose Creck Bridge. IK.;4 In

the present stud~. onl~ the static analysi~; feature of ISAOAB was utili/cd.

7.3 Aspect Ratio of Single-Column Bents

A parametric study was performed to imestigat~ the method of detcrmining the

shear span-to-depth ratio of singlc-column bents. The anaiysis was based on the Rose

Creek Bridge model presented in Ref. 14. A detailed description of the model and

boundary spring properties can be found in that reference.

The column shear span-to-depth ratio appeared to be affected hy deck torsional

rigidity. abutment translational .md rotational spring stlrtitesses. and lateral load

By comparing the lOp and hottom moments of a pier at a certain ductility level.

the height of the inflection point can be determined. For culumns in double curvaturc.

the ratio of the top moment and thc bottom moment can be used to determine the

location of the inllection point on the column. at whIch the lateral load should be

applied for the compressive force path method. For columns in single curvature. the

lateral load should be applied at the centroid of the deck.

The first lSA DA B run was made using actual member' cross-section properties

and assumptions as described in Ref. :14. Both exterior and interior columns Ilexed in

double curvature. The ratios of top moment-to-oottom moment were 0.41 for the two

exterior bents and 0.009 for the two interior bents (corresponding to ductilities of 1.192

and 3.728. respectively) This was expected. since the two exterior bents are closer to

the abutments. where more translational and rotational resistances exist. At the two

interior bents. the deck tended to flex with the top of the columns. making the ratio of

top moment-to-the bottom moment substantially smaller.
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The next se\eral runs were made using independ ;ntly increased ahutment spring

stiffncsscs and deck torsional rigidity. Ihe resuhs show little change in the ratios f(lr

the two interior wlumns. The larg'~st ratio "as 0.06. "hen the Jed, torsional rigidity

"as increased a hundred-li.lld. The ductilities wcre \.'mnparahlc to those of the first run:

thus. for interior columns. the total height Ill' the column should he used in the

compressi\'e force path method.

The ratios of top moment-to-hntlom moment for the tW\l exterior columns were

more sensitiw 10 the chang.:s in ahutment stiffness and deck rigidity. In some l~xtreme

l:ascs. the exterior columns IkwJ in smglc-l:ur\"ature, Thc ratios ranged from zero to

0.45 depending on the parameter and the magnitude of change. As a result. it is

conser\"ati\e to apply the lateral load at the centroid of the deck f(n ext.:rior bents as

well.

Some of the stiffness and rigidity changes in the parametric study were so larg.e

as to be unrealistic. The purpose was 10 determine the effect of top moment-to-bottom

moment ratio. The ratio appeared to be rdated to many lactors in addition to the

parameters considered in this study. such as the ded; hending moment of inertia in the

two principal din:ctions. Therefore. the usc nf a lower inflection point height may not

he justifiable. To avoid the need fi.lr a nonlinear analysis. and to simplify calculations.

it is rccommende(~ that the inflel.:tion point in single column piers be conservatively

located at the centroid of the superstructure

7.3 Aspect Ratio of Multi-Column Bents

There was no static nonlinear analysis computer program available to perform

a similar parametric study on the aspect ratio for bridges with multiple column bents:

developing such a program was beyond the scope of this study.

Sinl.:": many seismic codes implidtly include the effects of nonlinear behavior

and allow the practicing engineer to usc more familiar elastic analyses. it may be more

practil.:al to determine the inflection point of multiple-column bents using elastic

methods. Such analysis can be performed using any general purpose finite element

program. After the inflection point is located. the parameter I in the compressive force

path method (Eq. (6·2») can be determined.
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7.4 Concluding Remarks

The shear span-tn-depth ratio of hridge columns is an important lactor in

determining the lateral strength using the compressi\ e ItJr(:c path method. Based on

nonlinear analysis of a bridge system incorporatin'~ one-way hinges at the interface

between the ('olumn and the l\.lundation. it was concluded that the application of the

lateral load at the ccmn\ld of the ded.. fpr singlc-co/urnn hcnls. yidds rational and

conscr\'ati,c resulls. The intlcction point height of multiple-column hems can lx

determined using clastic analysis.
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Chapter 8

Response and Repair of an Existing Hinged Column

8.1 General Remarks

Th~ extensive damage that D\:cuITed to bridges in the 1971 San Fernando

earthquake resulted in a significant rccvaluation of seismic design procedures. Since

then. many improvements have h~en incorporat~d into design codes: howcver. many

bridges werc built prior to the application of thi,; knowledg~. In many ~xisting bridges.

such as thl' Rose Creek Bridge. the anchorage length prmided for reinforcing steel is

shorter than that specified in modern building cooes.·' Inadequate anchorage can result

in hond failure before the reinforcement develops its yielding strength.

As discussed in previous chapters. thc shear friction method assumes full

development of tensile yield strength of the steel. Inadequate anchorag~ makes the

calculated lateral strength even more unconservative.

Because it is not feasible to replace the one-way hinges in existing bridges. there

is a necd to develop a rational retrofitting method to improve the behavior of existing

columns. As a pilot study. one column specimen with insufficient steel anchorage was

constructed and tested. To invcstigate techniques for retrofitting existing bridges to

improve their seismic performance. the test column was retrofitted after failure and once

again tested.

Onl) limited testing was performed; the conclusions presented in this chapter are

preliminar)' in nature.

8.2 Insufficient Development Length Column Specimen

The test specim':':n had overal: dimensions identical to specimens BB2C and

DB2C (Chapter 2); however. the six !'Io. 3 bars used in this specimen were equally

spaced short. straight bars with no hooks on either end (Figure 8-11.

The specimen was designed to model the short development length of the Rose

Creek Bridge columns. Reinforcement in the bridge consists of No. 11 bars with a

specified anchorage length of , feet above and below the hinge (Figure 1·3). In the

specimen. an anchorage length of 6 inches was provided. based on the assumption that
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the ratio of actual development length to required dc\t:lopment length for No.3 and

No. I I hfl.:s are identical. The required lengths for the bars were calculated according

to the ACI building code. C Figure 8-~ is a photograph of the specimen taken oel<lre the

column was pl1ured.

One strain gage was bonded to each steel bar in the hinge region. and one gage

bonded ~ inches above and bclnw the hinge on both ex tcrior hars. Three I.VDTs were

used to monitor rotatil)n and slip (Figure R- 3).

The specimen was subjected to seven cycles of increasing displacement in the

strong direction. under a nearly constant axial load of 26 kips. up to an apparent

displacement ductility of 2. The loading history is shown in Figure 8-4.

8.3 Repaired Column Specimen

After the original specimen was testt:d. it was repaired with a steel plate and

angle jacket system designed to transfer tensile force across the hinge. The goal was to

restore the strength and ductility capacity of the hinge to the level (If a hinge with

adequate steel anchorage. The specimen was repaired using a jacket constructed of

ASTM A36 steel angles. channels. and plates (Figures ~-5 and 8-6). The steel plates

were anchored to the column and the tooting using Trubott Wedge concrete anchors.

At the connection between the column and the footing. the steel angle cross-section was

reduced to allow hinging in the weak direction. The width of the reduced section was

calculated based on a yielding strength of 36 ksi and a maximum ~ensile I{Jrce of

approximately 30 kips. corresponding to the yield force for five No.3 bars. l7 Actual

yield strength was apprmdmately 45 ksi. as measured by three test coupons (Figure 8-7)

obtained from :he angles. The measured stress-strain curve is shown in Figure 8-8.

To reduce the deflection of the horizontal plate as a result of forces acting in the

weak direction. the plates were stiffened by welding a charmel to both plates. The

number of anchor bolts used was based on lest data provided by the manufacturer. with

a safety factor of approximately 1.5. Based on the manufacturer's data. the 3i8-inch

anchor system. embedded 4.5 inches in 4000 psi concrete. has an ultimate pullout

capacity of 5.1) kips and an ultimate shear capacity of 4.6 kips; the 1/2-inch anchor.

embedded 4.125 inches in 4000 psi concrete. has an ultimate pullout capacity of 7.3
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kip~ and an ultimate shear capacity of 7.4 kips The minimum specilied spacing for )18·

inch am:hor is J. 7~ inches. on center. and 1.105 inches from the edge; spacing !i.Jr the

I '~-inch anchor is 5 inches. on cenler. and 2.5 inches from thc edge. "1"hesc spacing

requircments werc barely satiSfied. due to the narrow (,;'))umn section. Figures 8·9 and

8-10 arc photographs of the steel jacket takcn heti.m> it was attacl1\:d to the column.

After heing repaircd. the specimcn was subjected to tcn and one-quarter cydes

of displacement rc\'~rsals at four displacement amplitudes ~ Figure X-II). Again. a

nominally constant axial load of approximately 26 kips was applied to thl' column to

simulale the superstructure dead load.

8.4 Original Specimen Testing Results

Figures 8-12 and 8-13 show the original specimen after testing. Because of the

relatively small displacements applied. there was no dramatic visible damage to the

column. and few crack:> observed outside the hinge.

8.4.1 Load-Deflection Respllnse

figure 8-14 shows the load-deflection n:sponse for lhe specimen. The largest

ioad applied at a displacement ductility factor of 2 was 8.6 kips in the positive direction

and 10.96 kips in the negative direction. On the last cycle. a maximum mluc of 7.1 kips

was rf"ached in the positive direction and 9.93 kips in the negative direction, indicating

strength degredations of 1104 percent and 9 A percent. respectively. The load appeared

to be still increasing; however. stiffness substantially decreased between ductility factors

of I and 2, indicating that reinforcement bond failure had occurred. The differences in

the maximum loads and the variation in stiffness for the positive and negative directions

are attributed to the variation of applied axial load in different directions (see Section

4.4).

Figure 4-2 shows the 10ad-def1e~tion response for specimen SDlC" The only

difference between this specimen and SDle was the inadequate development length.

Comparing Figures 4-2 and 8-14. the response for this specimen shows a much stronger

pinching efTect at a ductility fltctor of 2; this was a result of the bond failure in the

short reinforcing bars.
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8.4.2 Load-Rotation Response

Figure 8-15 shows the load-rotation responsc. Thc maximum rotation was 0.0 1~

radian in the positive direction and 0.014 radian in the negativc direction. As with the

other specimcns (scc Chapter) I. the maximum rotation in the positi\'c direction was

larger than in the negativc direction: b)wcver. hecause of the small displacements, the

differcncc was rdatively small.

Similar to Figure 8-14. the load-rotation response also shows strong pinching duc

to loss of hond between the concrete and the n:inforcing steel.

8.4.3 Load-Slip Response

hgure 8-16 shows the load-slip response. The maximum slip was O.Ol3g inch

in the positive direction and 0.0148 inch in the negative direction. Similar to specimens

BBX' and D82(' (Figures 3-24 and 3-58), the slip contributed only a small fraction of

the lateral displacement.

8.4.4 Load-Strain Response

Figures 8- J 7 and 8-18 are the responses for the two exterior bars. 3 inches above

the hinge. Both bars experienced strain reversals. but neither bar yielded. The general

trend between load and strain was linear. Figures 8-19 and 8-20 show the corresponding

responses 3 inches below the hinge. Similar behavior was observed. although the strains

were larger.

Figures 8-21 through 8-26 show the load-strain histories in the hinge. All bars

experienced reversals of tension and compression. The four exterior bars yielded in

tension; the two interior bars did not yield.

Neither of the two exterior bars developed their yield strength 3 inches above

or below the hinge: however. it was reported that both exterior bars of SD2e

developed their yield strength at the 3 inch point:17 again indicating that bond failure

has occurred between the concrete and the steel.

8.5 Results of Repaired Column Testing

Figures 8-27 and 8-28 are photographs of the repaired specimen after testing. All

major cracks initiated at the steel jacket anchors. Relative displacement between the
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steel plate and the ttlOting was observed; this v.as Ll result of o\l.:rsi/.ed holes. used to

aHlid interfering with the steel reinforcement.

8.5.1 Load-Deflection Responst'

Figure 8-:~9 shov.s the load-dctkction response altcr repair. The largest load

applied was D.'1 kips in thc positivc dlrcction and 20.2 kips in the negative direction.

On the last c~c1e (ductility fact\lr of 4) the maximum load \\a5 11.85 kips in the

positivc direction and 18.4 kips in the negatiw direction. a strength degradation of IS.O

percent and 9.1 percent. respectively. The difference in maxJnJUm loads l(n positiw and

negative directions are attributed to the variation of applied axial load (scc Chapter 4).

Thc stiffness in hoth directions decreased signiiieantly after the first cycle due

to the enlarged anchor holes. Better stiffness hehavior could he cxpe~·ted if there were

no such weak connections.

The repaired column showed a relatiwly small energ~ dissipatilm capacity and

a strong pinching effect. indicated hy the very narrow hysteresis responsc (Figure K-29):

ncverthelcss. the repair method did restore the strength and ductility capacity to the

level of a hinge with adcquat.: steel anchoragc.

8.5.2 Load-Rotation Response

Figure 8-30 shows the load-rotation response alter repair. The maximum rotation

was 0.022 radian in the positive direction and U.020 radian in the negativc direction. As

with the other specimens (Chapter 3), the rotation in the positi ve direction was slightly

larger than in the negative direction.

8.5.3 Load-Slip Response

Figure 8-3\ shows the load-slip response after repair. The maximum slip was

0.027 inch in the positive direction and 0.039 inch in the negativc direction. There were

clear correlations between load-rotation response and load-slip response. Based on the

measured rotation and slip. the approximate lateral deflection was calculated to be 0.97

inch in thc positive direction and \.03 inches in the negative direction. Both values are

very close to \.0 inch value measured during testing.
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8.5.4 Load-Strain Response

Figures 8-32 and 8-33 sho\'. the load-strain responses for the two exterior hars.

3 in~ht:s aho\'e the hinge. Both hars experienced re\'t:rsals of tension and compression.

but. even at a ductility factor of 4, neither har yielded. The general trend in the hinge

region te)f ooth oars was nearly linear. Figures 8-34 and 8-35 show the hislOries l(lr the

gages located 3 inches helo" tht: hinge: similar beha\iors were I\o<;er\'ed. The 11m strain

was expected. since the retrotit steel collar is taking mllst of the force.

Figures 8-36 through 8-41 show the load-strain histories for the gages 10l.:ated

in the hinge. All bars were subjected to reversals of tension an"! compression The four

intl'rnal hars yielded in tension; the front exterior bar (Figure 8-361 did not yield in

tension but did yield in compression. while the back exterior bar (Figure 8·37) just

reached the yield level.

8.6 Comparison of Original and Repaired Results

Figure 8-42 sho\\'s the en\'elopes of the lateral load-deflection curves for the

original and the repaired specimens. The repair method restored and improved the

strength and ductility of the specimen: howev.:r. the stiffness of the retrofitted specimen

was lower, a result of loosened connections between be retrofitted steel plate and the

footing. Other means of attaching the steel plates to the column, such as high strength

adllesives. need to he explored. A better bond hetween the steel platt:s and the concrete

most probanly would ha\'e improved the stiffness of the repaired column. Another

alternative would have been to attach a complete jacket around the column. \\'hen

hinge retrofit is accompanied with strengthening of the footing, the horizontal segment

of the steel assembly may be embedded in the reinforced concrete jacket which is

placed on the top of the footing.

8.7 Concluding Remarks

Inadequate reinforcement development length in the hinge region caused a loss

of strength and stiffness at a displacement ductility of 2. The proposed retrofit method

improved the strength and ductility capacity of the hinge; however. an improved method

is needed to attach the retrofit to a damaged column.
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Chapter 9

Surnmal1' and Conclusions

9.1 Summary

This n:port describes an t.·.xperimental and analyli<.:ul inn:sligu!ion 01 onl'-wa~

Fn:yssinct-typl' rt:infon:cd eoncrclc hinges su~jecled 10 axial comprt:ssion. shear. and

uniaxial moment transfer in the slrong dIrection. This type of hinge is u~d at the nast.'

of many highway bridges to provide a pinned detail. which is designed to rdease

moments in the weak directi{m. lhe overall goal of this study was til dc\'\:lop a hetter

understanding or the- behavior of hinged columns. Attcmpts were- made III develop

rccommendations for more rcliahk hinged column design. to conduct a preliminary

study of the rC!iponse of hinged columns with inadequate reinforcement devclopment

length. and to de\dop and test a repair method for damaged columns.

Thiny-tive specimens were constructed and tested. Many variables were

wnsidered in the design. including aspect ratio. loading type lmonotonic or cyclic).

stcd arrangement In the hinge. anJ hinge- thickness n:lati\'c to hinge width. The~;.:

parameters were examined III study their <:ffccts on hinge tlcxural and shear streng.th.

en~rgy dissipation capal:ity. hinge shear slip. and concretc confinement in the hinge

throat.

Among the thirty-five specimens were five I !6-scalc column specimens: two

wilh an aspect ratio of one and three with an aspect ratio of two. Three types of

reinforcement details were used: a bundled bar arrangement (BB specimens). a diagonal

bar arrangement (DB specimens). and short dowels (the repaired specimen). All five

specimens were axially-loaded to simulate dead load stress and were subjected to

several cycles of lateral displacement at increasing amplitudes and ductility levels. No

particular earthquake load history was simulated.

T() determine the influence of hinge throat thickness on pure shear and pure axial

load behavior. two other types of specimens were constructed and tested: three shear

specimens. three compression specimens. and twenty-four small-scale. plain concrete

hinges designed to quantify concrete confinement in the hinge. The only variable

considered in these specimens was hinge thickness.
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In addition to the t:xperimental study. a linear finite demenl analysis ",as

pcrfmmed to stud) stress distribution In the hinge throat area. Analytical studies also

consist~'d of an inelastic analysis of hridges with hinged columns. I'oeus was placed on

the inlluem:e (If deck torsional stiffness and ahutment spring stillness on inflel·tion point

height. The inflection point represents the point where tht: lateral load should he applied

for the purpose of calculating lateral hinge strength

A new approach was dl.·\dopcd for estimating the latl:ral load strength of hinged

columns. The results were evaluated based on test results reported herein and elsewhere

The new approach can he used fur design purpose as wdl as for calculating thl: shear

capacity for existing hinged pier columns.

9.2 Observations

The reinforced concrete anal)'sis program fA J('XR produced a conservative

Ilexural hinge cap,icity in the strong direction when a twenty-tive percent increase in

specified concrete str.~ngth (1.'25(,) and an ultimate concrete strain of 0.0'2 were used

to account for concrete confinement.

Signiticant flexural deti.nmations occurred in all column specimens. even in

specimens with an aspect ratio of I. Reasonable ductility was also noted.

Shear resistance was provided hy friction forces onl)' in the compression lone.

and not along the entire section dcpth as assumed in th'> ACI shear friction method.

9.3 Conclusions

I) When subJected to cyclic inelastic displacements under a nearly constant axial

load. columns with modified details (bundled bars and diagonal bars) displayed

a hinging behavior similar to that of an unmodified column with identical

dimensions and a similar reinforcement ratio.

:2 \ For specimens with an aspect ratio of I. the column specimen incorporating

hundled bars exhibited a higher capacity for energy absorption at large

displacements. The specimen with diagonal reinforcement showed a slightly

lower energy absorption capacity at almost all displacements. The bundled bar

detail appears to slightly improve energy characteristics where shear dominates

the behavior.
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3) "or specImens with an aspt.'ct ratio of 2. the standard delail column (e4uall~

spal:ed bars) exhibited higher ~nergy dissipation at almost all displacements.

4) :\ 25 pcn:ent increase in specified concrete strength (1.2St'.) in the hingc region.

to account tllr concrete confinement. was a lower-bound. conservative value

:;) The current method of analysis for determining shear capacit~ of the hinge.

nascd on the shear friction theory. can lead to a false sense of conservatism.

Shear friction ty~ failure was not onsern:d in any of the rolumns even when

the column aspect ratio was ,me. Thc lateral strength of hinged column

specimens in the strong direction was controlled by the flexural strength of the

hinge.

() I The prnJXlsed method of analysis based on the compressive force path concept

~ ielded an excellent and conservative estimate nf lateral strength. The strength

was provided by compression in the hinge. the magnitude of which depends on

several factors. such as inflection point height. hinge width. and concrete

strength.

7) For single-column bents. the inflection point may be assumed to be at the

centroid of the superstructure. For multiple-column bents. the inflection JXlint

may be determined using elastic analysis. or by assuming double curvature

bending using the top and bottom nominal moment capacities.

8) Under pure axial loading or under combined axial and later~1 loading In the

dastic range. concrete confinement decreases as hinge depth increases. There

was no indication of such influence when the hinge was subjected to pure shear

loading.

9) As an alternative to increasing the hinge depth to allow more rotation. the top

of the footing may he sloped to maintain the desired level of confinement in the

hinge throat.

10) The repair method presented in this study can restore the strength and ductility

capacity of damaged hinges with inadequate reinforcement development length.

The strength of the repaired column was comparable to that of a hinge with

adequate development length.
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Table 4-1. Variation of Applied Axial Load.

Specimen Specimen Specimen Specimen
BBIC DRle BB2C DB2C

Positive-Direction Shear 28.4 23.6 13.8 1\ .8
(kips)

Negative-Direction Shear 30.7 26.6 15.9 13.7
(kips)

Difference in Shear 2.3 3.0 2.1 1.9
(kips)

Difference in Moment 36.8 48.0 67.2 60.8
(kip-in.)

Difference in Axial Load 12.0 14.5 21.8 18.4
(kips)

Minimum Axial Load 20.0 18.7 15.1 16.8
(kips)

Maximum Axial Load 32.0 33.3 36.9 35.2
(kips)

Table 4-2. Maximum Slips.

Specimen Specimen Specimen Specimen Specimen Specimen
Direction BRIC DBIC S01C BB2C DB2C SD2e

Positive
0.197 0.1 i5 0.220 0.046 0.052 0.078

(in.)

Negative 0.411 0.104 0.250 0.085 0.073 0.122
(in.)

Average 0.304 0.]40 0.240 0.066 0.063 0.100
(in)
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Figure 1-2. Types of Concrete Hinges (after Ref. 9).
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Figure 1-3. Rose Creek Bridge Bent Elevation and Hinge Cross Section.

A -tC HItG£ ICEY

I~~~~~I
IIAII A -+ _R" IQt I

JlS-_......L1- '1'...JI~_--...

.. l
~

1~

i J
L....J

Figure 1-4. liS-Scale Specimen Details (after Ref. 2S).

73



r

mAL
LlWl

flo!' I ~ I. I
LOAD i-......

1
-.... I'-

r- 3'r

rly . .
If~~ ,1,

Figure 1-5. SO Specimen Details (after Ref. 37).

.. ._.....c_........,
:::~
F:'

._iE"~Y~s.:w:~.

Ca, lfaatllnqton
Detail

Cbl california
DetaU

(el Control
DetaU

Figure 1-6. Comparison of Hinge Details (after Ref 22).

74



I OI22"OIAMETEIl
LONGIT~DlNAL lIARS

OOSI'DlAMETER
TIES AT I' 0 C

ARCHITECTURAL
C~UMN

I 0.12%' OlAWETER
LOHGITUOlNAL lARS

OO~"OlAMf:TER SPIRAL
PITCH·1/4·

DISCONTINUlTT JOI'll
(DETAILS VARY I

r
'c·----·....l

Figure 1-7, ll20-Scale Specimen Details (after Ref. 22).

1""1---- 4'" ----....,:

r"',

HQ]
1..'

I«l. 6 \.OflIGllUOINAL
IAItS
NO.' TIES AT ,'OC

"ROUTECTUflAL
COLUMN

r
21'

IL L...- ..J

Figure 1-8. liS-Scale Specimen Details (after Ref. 22).

75



~ .. ...

Figure 1-9. 2/5-ScaJe Specimen Details (after Ref 14).
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Figure 2-10. Plain Concrete Hinged Specimen Instrwnentation Details.
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Figure 3-3. BBle Front Elevation after Testing.

Figure 3-4. BB Ie after Testing.
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Figure 3-tS. BBIC Load-Strain Response (Gage 16).

•1

31

2•

•1
UI
Q..
H

I:l£

C
a: -II
0
..J

=1
~

I.'

HICROSTRAIN (GAGE l~)

Figure 3-16. BBIC Load-Strain Response (Gage 14).
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Figure 3-17. BBle Load-Strain Response (Gage 15).
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Figure 3-18. BBle Load-Strain Response (Gage 17).
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Figure 3·20. BB2C Front Elevation after Testing.
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Figure 3-21. BB2C after Testing.
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Figure 3-22. BB2C Load-Deflection Response.
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Figure 3-24. BB2C Load-Slippage Response.
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Figure 3-26. BB2C Load-Strain Response (Average of Gages 11 &. 12).
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Figure 3-28. BB2C Load-Strain Response (Average of Gages 9 &. 10).
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Figure 3-29. BB2C Load-Strain Response (Average of Gages 5 & 6).
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Figure 3-30. BB2C Load-Strain Response (Average of Gages 7 & 8).
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Figure 3-31. BB2C Load-Strain Response (Gage 13).
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Fipre 3-32. BB2C Load-Strain Response (Gage 16).
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Figure 3-33. BB2C Load-Strain Response (Gage 14).
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Figure 3-34. BB2C Load-Strain Response (Gage 15).
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Figure 3-36. BB2C Load-Strain Response (Gage 18).
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Figure 3-37. DBIC Front Elevation after Testing.

Figure 3-38. ODIC after Testing.
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Figure 3-40. DBIC Load-Rotation Response.

104

.5



., r---'---~---'--.....--r----'---~---r--~------,

JI

"
..

(II
fL
M
~ I

'"'
Q
a: -tl
0
...J

-II

-II

SLIPPAGE (IN.)

Figure 3.-41. DBIC Load-Slippage Response.
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Figure 3-41. DBIC Load-Strain Response (Average of Gages 1 & 2).
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Figure 3-46. DBle Load-Strain Response (Average of Gages 7 & 8).
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Figure 3-48. ODIC Load-Strain Response (Gage 13).
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Figure 3-49. DB1C LO<ld-Strain Response (Gage 14).
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Figure 3-50. DBIC Load-Strain Response (Gage 15).

109



41

..
M

I'
lI)
Q..... •~ -Q -a: -II
0
..J

-2'

-II

MICROSTRAIN (GAGE 16)

Figure 3-51. DBIC Load-Strain Response (Gage 16).
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Figure 3-52. DB1C Load-Strain Response (Gage 17) .
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Figun 3-53. LDBIC oad-Strain Response (Gage 18).
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Figun 3-54. DB2e after Testing (Tension Zone).

III



Figure 3-55. DB2C after Testing (Compression Zone).

2.

,S

..
.... S
l/l
0...... •~

c
~ -!
0
...J

-,.
-,s

DEF'"LECTION (IN.)

Figure 3-56. DB2C Load-Deflection Response.
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Figure 3-57. DB2C Load-Rotation Response.
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Figurr 3-58. DB2C Load-Slippage Response.
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Figure 3-59. DB2C Load-Strain Response (Average of Gages 1 & 2).
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Figure 3-'0. DB2C Load-Strain Response (Average of Gages 11 & 12).
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Figure 3-61. DB2C Load-Strain Response (Average of Gages 3 & 4).
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Fipre 3-61. DB2C Load-Strain Response (Average of Gages 9 & 10).
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Figure 3-63. DB2C Load-Strain Response (Average of Gages 5 & 6).
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Figure 3-64. DB2C Load-Strain Response (Average of Gages 7 & 8).
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Figure 3-65. DB2e Load-Strain Response (Gage 13).
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Figure 3-66. DB2C Load-Strain Response (Gage 14).
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Figure 1-67. DB2e Load-Strain Response (Gage 15).
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Figurt 3-69. DB2C Load-Strain Response (Gage 16).
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Figure 3-70. DB2e Load-Strain Response (Gage 17) .
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Fipre 3-71. DB2C Load-Strain Response (Gage 18).
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Figure 3-72. DB2e Load-Strain Response (Gage 19).
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Figure 3-75. SSP2 Shear-Slip Response.
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Figure 3-76. SSP3 Shear-Slip Response.
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Figure 3-77. SSPI Shear-Strain Response (Average of Gages 1 &, 2).
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Figure 3-78. SSPI Shear-Strain Response (Average of Gages 3 & 4).
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Figure 3-79. SSPI Shear-Strain Response (Average of Gages 5 & 6).
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Figure 3-80. SSP2 Shear-Strain Response (Average of Gages 1 & 2).
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Figure 3-81. SSP2 Shear-Strain Response (Average of Gages 5 &. 6).
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Figure 3-83. SSP3 Shear-Strain Response (Average of Gages ( & 2).
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Figure 3-84. SSP3 Shear-Strain Response (Average of Gages 3 & 4).
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Figur~ 3-86. Typical Failed Compression Specimen.
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Figure 3-87. NCSI Load-Deformation Response.
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Figure 3-88. NCS2 Load-Deformation Response.
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Figure 3-89. NCS3 Load-Defonnation Response.
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Figure 3-91. NeSl Load-Strain Response (Average of Gages 3 & 4).
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Figun 3-93. NCS2 Load-Strain Response (Average of Gages 3 & 4).

160"T'--------------------.,
140

120

40

20

-

o-2000 -1500 -, 000 -500
MCROST'RAI4 (AYG. CAGES 1 a: 2)

O+----T-'"---r------,r------.---~
-2500

Figure 3-"'. NCS3 Load-Strain Response (Average of Gages) & 2).

132



160~-------------------.....

140

120

i 100

- 80

~
-J 60

40

20

1M

o-2000 -1500 -1000 -500
YCROSTRAt4 (AVe. GAGES 3 I: 4)

O.....---..,------------------~-2500

Figure 3-95. NCS3 Load-Strain Response (Average of Gages 3 & 4).
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Figun 3-96. Typical Failed Plain Concrete Hinged Specimens.
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Figure 4-5. Actual and Idealized Elasto-Plastic Hysteresis Curves.
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Figure 4-9. Bundled Bar Specimen Interaction Diagram (using 1'£).
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Figure 7-1. Schematic View of One-Half Bridge System (after Ref. 18).
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Figure 8-9. Front View of Retrofit
Steel Jacket.

Figure 8-10. Back View of Retrofit
Steel Jacket.
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Figure 8-12. Original Specimen after Testing (J).
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Figure 8-17. Original Specimen Load-Strain Response (Gage 1).
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Figure 8-18. Original Specimen Load-Strain Response (Gage 2).
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Figure 8-19. Original Specimen Load-Strain Response (Gage 9).
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Figure 8-20. Original Specimen Load-Strain Response (Gage 10).
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Figure 8-25. Original Specimen Load-Strain Response (Gage 7).
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Figure 8-30. Repaired Specimen Load-Rotation Response.
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Figure 8-31. Repaired Specimen Load-Slippage Response.
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Figun 8-32. Repaired Specimen Load-Strain Response (Gage 1).
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Figure 8-33. Repaired Specimen Load-Strain Response (Gage 2).
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Figure 8-34. Repaired Specimen Load-Strain Response (Gage 9).
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Figure 8-35. Repaired Specimen Load-Strain Response (Gage 10).
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Figure 8-36. Repaired Specimen Load-Strain Response (Gage 3).
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Figure 8-37. Repaired Specimen Load-Strain Response (Gage 4).
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Figure 8-38. Repaired Specimen Load-Strain Response (Gage 5).
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Figure 8-39. Repaired Specimen Load-Strain Response (Gage 6).
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Figure 8-40. Repaired Specimen Load-Strain Response (Gage 7).
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Figure 8-41. Repaired Specimen Load-Strain Response (Gage 8).
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