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1. INTRODUCTION

1.1 General

A strong earthquake induces forces and displacements in a typical

building structure which could greatly exceed those induced by an earth­

quake specified in standard building codes; buildings designed for normal

code lateral forces could be stressed beyond the elastic limit by a major

earthquake. Therefore, in designing a building to withstand severe

earthquakes, it is necessary that the large seismic energy input be

absorbed and dissipated through large but controllable inelastic defor­

mations of the structure. Therefore, the sources of potential structural

brittle failure must be eliminated. Thus, it is necessary to prevent:

premature crushing and shearing of concrete; sudden cracking and simul­

taneous fracturing of steel, sudden loss of bond and anchorage; premature

crushing and/or splitting of concrete cover accompanied by local buckling

of main reinforcement; and premature dynamic instability resulting from

large lateral drifts. Degradation of stiffness and strength under

repeated loading must also be minimized or delayed long enough to permit

that sufficient energy be dissipated through stable hysteretic behavior.

Although some of these sources of potential brittle failure can be

controlled by satisfying present code provisions there are others that

continue to pose serious problems. Among the latter bond (anchorage)

failure is one of the most undesirable and has been the cause of severe

local damage to, and even collapse of, many structures during recent

strong earthquakes. Present bond seismic code provisions appear to be

inadequate. These provisions are based on results obtained under mono­

tonic loading, which are inadequate for gaging the actual structural
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behavior durillg severe seismic shaking. The bond behavior of reinforced

concrete unde:r a monotonically increasing load is altogether different

from that observed under repeated reversals.

One location in reinforced concrete frame structures where deterio­

ration and 108S of bond can create a serious problem is the interior

beam-column connection. This region, where the main beam reinforcement

is anchored, is usually subjected to the maxima in both moment and shear.

The simultaneous occurrence of maximum moment and shear suggests unfavor­

able interaction: a high moment induces large forces which cause yield­

ing in the main rebars anchored in the joint; a high shear force induces

shear cracks in the joint which damage the bond of the embedded rebars.

For cyclic loading well in the inelastic range, interface cracks at col­

umn faces are often open throughout the beam section, leaving only the

steel reinforeement to resist the applied moment. The effective anchor­

age length of the rebar in such a case is actually reduced to the column

width, which is inadequate for bond transfer. As a result the rebars can

slip excessively through the connection. In this study an attempt has

been made to examine in detail the joint behavior, that is, slippage of

the rebar and shear distortion due to the formation of diagonal shear

cracks, and to evaluate the significance of joint deformations on the

strength and stiffness of a subassemblage modeling a typical lower-story

interior beam-column joint of a highrise building.

The poor performances of beam-column connections in severe earth­

quakes have stimulated several researchers to study their behavior in

order to improve the connection details and eliminate the possibility of

their premature failure. Hanson, Corley, and Connor of the Portland

Cement Association [1- 3]; Park, Paulay and others of the University of
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Canterbury [4-7,12-13]; Townsend [8]; and Japanese investigators [14-17], to

name only a few, have already expended considerable effort in this area.

The experimental work has recently been summarized by Bertero [18]. Many

of these tests have shown that seismic loading can induce yielding of the

joint ties followed by loss of integrity of the joint and substantial

degradation of strength and stiffness. This has been observed in both

interior and exterior joint subassemblages.

During the last few years the epoxy injection technique has been

used to repair damage resulting from the Alaska, Santa Rosa, San Fernando,

and Managua earthquakes [24]. While this type of structural repair has

generally proved to be effective under working loads, little information

is available for inelastic loading. Experimental results of repaired

beams subjected to cyclic loads of pure bending, bending with low shear,

and bending with high shear [10,21] have shown that the repaired beam can

attain the same strength as the original, and often has greater strength

at first yield. However, the stiffness of the repaired beam was signifi­

cantly reduced because the bond between the reinforcement and concrete

was not completely restored and some of the smaller cracks (under 0.127

mm in width) were not repaired by this method.

Although the epoxy injection method has proven to be very effective

for the critical regions of simple elements such as beams and columns,

application of this method to repair a damaged beam-column connection is

expected to be far less effective. Since substantial bond damage can

take place along the bar without clear evidence of surface cracking, it

is not possible to inject the epoxy. In the event that there are small

crack~ because of the high viscosity of epoxy, the epoxy may not pene­

trate up to the bar, nor reconstitute the dust surrounding the bar. The
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efficiency of this method in repairing the connection can be evaluated

only by testing. Therefore, the testing of a repaired subassemb1age is

included in this program.

1. 2 Objectiv'es and Scope

This investigation is part of a continuing research program aimed

at evaluating experimentally and analytically the seismic behavior of

reinforced concrete subassemb1ages. This research is being carried out

in several phases. The work described here is an extension of the study

cited in reference 11. The three objectives of this phase of research

were as follows:

1. To obtain reliable experimental information regarding the strength,

stiffness, ductility, energy absorption, and energy dissipation of

reinforced concrete beam-column subassemb1ages under monotonic and

cyclic loading with emphasis on hysteretic behavior.

2. To predict analytically various subassemb1age responses using both

an e1asto-plastic hardening model and a moment-curvature degrading

model. :E1asto-p1astic hardening has been frequently used to analyze

the response of reinforced concrete structures. However, the degrad­

ing model, which takes into account the deterioration in stiffness

on loading, is more appropriate for the reinforced concrete structure.

3. To assess the effectiveness of the epoxy injection method for repair­

ing cracked reinforced concrete members and the connection zone.

This is done by comparing the behavior of a repaired subassemb1age

with the behavior of the virgin specimen with a different loading

history and the behavior of another virgin specimen subjected to

similar loading history.
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To achieve these objectives, two virgin reinforced concrete sub­

assemblages and one repaired subassemblage were tested. A horizontal

force was applied to one subassemblage to generate a large single hyster­

etic loop. The initial part-of the loop provided, for all practical

purposes. information on monotonic loading. Damage to this specimert,was

limited to a repairable level. Once the loading sequence was completed,

the cracked specimen was repaired by the epoxy injection processes and

an incremental cyclic load was applied until failure occurred. To pro­

vide a control specimen for cyclic loading, the second subassemblage was

tested to failure by applying a loading sequence similar to that applied

to the repaired specimen.

This report gives details of the experiments carried out on the

beam-column subassemblage and evaluates and discusses the significance

of the analytical and experimental results obtained.
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2. TEST SPECIMENS

2.1 Selection of Test Specimens

Economic considerations required the simplest beam-column connection

test set up which would still retain the mechanical characteristics being

studied. In order to derive the simplest possible test set up, qualita­

tive behavior of the frame under gravity and severe lateral load is

described. (It should be noted that this phase of the investigation is

limited to studying the behavior of beam-column connections at a lower

story when lateral load is the dominant excitation.)

A 20-story ductile reinforced concrete frame office building was

designed to meet the requirements of the 1970 Uniform Building Code for

buildings in seismic zone 3. An elevation of the structure is shown in

Fig. 2.1. Member sizes and the amount of longitudinal reinforcement for

the structure are given in reference 11.

The free-body diagram of forces acting on a typical four-bay lower

story beam-column frame, and the bending moment developed under gravity

and the lateTal loads are shown in Figs. 2.2a through 2.2c. During a

severe earthquake the combination of gravity and lateral loads is likely

to produce inelastic deformations at locations B, D, F and H. A further

increase in lateral load causes plastic hinges to form at A, C, E, and

G. The bending moment diagram at this stage is shown in Fig. 2.2d where

M
yl

and M
y2

denote the positive and negative yield moment capacities

of the beams. The small magnitude of the gravity load in comparison to

the lateral load in the lower story eliminates the possibility of the

maximum moment occurring at midspan. When the direction of severe lat­

eral load is reversed, the bending moment is as shown in Fig. 2.2e.
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The bending moment distribution on the girder shown in Figs. 2.2d

and 2.2e, suggests that a set up suitable for studying the behavior of

the interior beam-column connection would be as in Fig. 2.2f, where the

zero moment locations are assumed to occur at midspan of the beams. To

simplify the testing arrangement the points of inflection in the columns

are assumed to be at mid-height.

The bending moment diagram for the girder C'D and EE' of the

test structure would be as shown by the dotted line curves of Figs. 2.2d

and 2.2e.

2.2 Description of Test Specimens

Half-scale models were made of subassemblages from the third floor

of the building. Design details of the test specimen are given in

Appendix E. The subassemblages consisted of two 9-in. by l6-in. beam

girders and a l7-in. by l7-in. square column, as shown in Fig. 2.3.

Shear transducers were attached at the beam ends to measure vertical

reactions. The column was bolted at top and bottom to steel clevises

used for mounting the specimens on the testing frame.

The main longitudinal reinforcement of the beams consisted of 4 #6

reinforcing bars at the top and 3 #5 bars at the bottom so that the area

of reinforcement at the bottom was about half that at the top (see Fig.

2.3b). Number 2 tied stirrups were spaced 3.5 in. center-to-center along

the beam. In addition to the tied stirrups, #2 hairpin shaped bars were

used to furnish a more rigid support for the longitudinal bars inside

the rectangular stirrups (Fig. 2.3b).

The columns were reinforced longitudinally by twelve #6 bars, and

transversely by #2 cross-shaped ties spaced 1.6 in. apart (Fig. 2.3c).
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Seven ties, similar to the ones in the columns, satisfy confinement and

resistance to shear requirements in the joint.

2.3 Characte:ristics of Materials

In the original design, the concrete for the subassemblage was to

have 4,000 psi strength at 14 days. However, since the actual experi­

ments were performed between 18 and 30 days, there was a substantial

increase in concrete strength, to 4.5 - 4.97 ksi, as shown in Fig. 2.4.

The concrete properties on testing dates are summarized in Fig. 2.4 and

in Tables 2.1 and 2.2.

The epoxy resin used for the repair is known commercially as

Concresive AE 1050-15, manufactured by the Adhesive Engineering Company.

The mechnical properties of this resin are listed in Table 2.3, accord­

ing to information provided by the manufacturers. Note that the tensile

strength of the cured epoxy is about twice that of the concrete. The

Young's modulus of the epoxy averaged approximately 8% of that for

concrete.

Numbers 2, 5, and 6 bars of grade 60 steel were used for

reinforcement. Their mechanical properties, characterized by stress­

strain curves, are shown in Fig. 2.5. Observe that the yield strength

of the ff2 bar is 65 ksi, while that of the tl5 and 116 bars is about

71.0 ksi.

2.4 Fabrication of Test Specimens

The formwork and reinforcement for the test structure are shown in

Fig. 2.6. The reinforcement cage was constructed to close tolerances

and was securely tied together with 16-gage wire. Plastic chairs were

used to hold the reinforcement cage in position in the oiled wooden form.
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The supports of the clip gages used to measure steel strains were silver­

soldered to the longitudinal bars of the beams and columns. These sup­

ports were covered with modeling clay and plastic tubing to enable them

to move without contacting the concrete cover.

Special beam end and column end details are shown in Figs. 2.7 and

2.8. These consisted of #6 threaded rebars welded to the ends of the

longitudinal bars and spliced (i.e. two bars overlapped) at the column

ends. These end arrangements are essential for mounting the shear trans­

ducers on the beam ends and for bolting the column ends to the testing

frame.

The specimens were case in-place in plywood forms stiffened with

wood battens. The concrete was compacted with a high-frequency vibrator.

After seven days, the forms were removed and all subassemblages and con­

trol cylinders were cured with wet sacks under a plastic cover for seven

more days. Testing was carried out approximately three weeks after

casting.
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3. EXPERIMENTAL TEST SET UP AND INSTRUMENTATION

3.1 Testing Frame and Specimen Suppor!s

The testing frame used in this experiment (Fig. 3.1) is a modifica­

tion of one described in reference 23, reduced from 24 feet to 12 feet

in length (Fig. 3.2). The gravity load simulation devices and lateral

bracing systerrl used in previous subassemblage experiments were removed.

The function of the testing frame was to provide rigid support for

the test structure and loading devices. The specimen was supported at

the top of the column and at the ends of the beams. The upper column

end was connected to the cross piece of the rigid frame by a hinge, so

that at this point, rotation, but not translation, could take place.

The outer ends of the beams rested on rollers, permitting rotation and

horizontal translation, but not vertical movement. See Krawinkler,

Bertero, and Popov [23] for more details of the support construction.

3.2 Loading Apparatus

The external loads applied to the beam-column subassemblage consisted

of an axial load, P, and a horizontal load, H, at the lower column

end (Fig. 3.3). The horizontal load simulated the lateral load induced

in the prototype by earthquake ground motions. The load P simulated

axial load in the column, and was applied through a 600-kip compression

jack mounted on a movable cart. Horizontal load H was applied by means

of a two-way hydraulic actuator.

3.3 Instrumentation

Two categories of instrumentation were used in the tests: one for

measuring loads and reactions, and the other for measuring strains and

deformations.
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1. Load and Reaction

Transducers were used to measure the externally applied

loads, P and H (Fig. 3.2). The shear reactions at the

beam ends, Vw and VE were measured by specially designed

shear transducers bolted to the beam ends. The transducers

were guided to move only horizontally by a pair of parallel

rails.

2. Strain and Deformation

a) Strains in the reinforcement were measured by six

weldable gages, four on the beam longitudinal bars and two

on the stirrup ties. These gages were located on the main

reinforcement bars (designated REI, REII, RWI and RWII) and

on the ties (designated STE and STW) as shown in Fig. 3.4.

It should be noted that the gages on the beam longitudinal

bars were placed just outside the connection region, so that

their presence would not disturb the bond condition of the

rebars in the joint, which is the most crucial parameter in

this test.

b) Clip gages were used to measure the average curva­

ture in the critical regions of the beams and columns:

sixteen gages for the beams and four gages for the columns.

For the purposes of identification, the beam curvature gages

are classified into four different groups: CE (gages CEI,

CEIl, CE2 and CE22), CW (gages CWI, CWII, CW2, and CW22), KE

(gages KEI, KEII, KE2, and LE22), and KW (gages KWI, KWII,

KW2, and KW22), see Figs. 3.5a, 3.6a and 3.6b. The letter
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C in CE and CW groups indicates the clip gages mounted

on steel pins Il s ilver-soldered" to the main beam rebars; K

in KE and KW denotes gages mounted on steel rods embedded

horizontally through the beam. The letters E (east) and

W (west) identify the locations of the gages (see Fig. 3.5a).

With this instrumentation, average curvatures of the beam

could be obtained from deformation of either the rebars or

the concrete elements, thus permitting detection of slippage

of the rebars and also determination of the average strain

distribution across the beam section.

The column curvatures were measured by the gages desig­

nated EU, EB, WU, and WB in Fig. 3.Sc. These gages were

mounted on steel pins, silver-soldered to the column rebars.

c) Shear Deformation - Four diagonally mounted clip

gages, designated SWl, SWll on the west beam, and SEl

and SEllon the east beam, are used to measure shear

deformation. (See Figs. 3.5a, 3.6a, and 3.6b).

d) Rebar Slippage in Beam-Column Connections and Crack

~enings at Bea~Column Junction - Four precision linear

potentiometers designated PEl, PEll, PWI and PWIl, in

Fig. 3.Sc were used to measure rebar slippage. These poten­

tiometers were rigidly connected to the steel pins soldered

to the rebars adjacent to the beam-column faces. The instal­

lation details of the potentiometers are illustrated in

Fig. 3.7.

The sizes of the cracks formed at the beam-column faces

were measured by four additional potentiometers, viz., FEl,
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FEll, ¥W1, and ¥W11, which were attached to steel rods

encased in the concrete section at the beam-column inter­

section (Fig. 3.Sc). There are two reasons why measurements

of the interface cracks are necessary. First, they are

used to compute slippage between the steel bars and concrete

at the connecting faces. Secondly, they provide an alterna­

tive determination of the fixed-end rotation due to slippage

of the rebars in the connection.

e) Qisplacements of Upper and Lower Column Hinges ­

One of the most important parameters in this experiment was

the horizontal displacement of the lower column hinge,

designated 8. It was measured by using a IS in. range

linear potentiometer, D, in Fig. 3.Sc, and was recorded

continuously through the test on an XY recorder. The lower

column hinge displacements were also measured frequently at

specific points of the loading history by a precision

theodolite. This provided a check of the column deflections.

Even though the testing frame was relatively rigid in

the plane of the specimen, it did tend to undergo small

vertical and horizontal displacements on application of H

and P at the lower column. To correct for the small hori­

zontal deflection, the upper column hinge displacement was

measured periodically bu the theodolite. Figure 3.Sc shows

the targets, T
l

and T
2

, hung from the upper and lower

column hinges respectively, for theodolite sighting.
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3.4 Recording Equipment

All gage readings were recorded and printed out at specific points

of the loading history by a low-speed scanner data acquisition system.

A few gage measurements were recorded continuously on XY and XYY

recorders. These included beam shear forces versus rotations of the

critical regions, shear versus rebar slippage at the connections, and

horizontal load, H, versus the lower column deflection, O.

3.5 Test Procedures for Subassemblages BC4 and BC3

The specimen was whitewashed to aid in crack detection and grid

lines were carefully drawn on the joint and beams to facilitate location

of cracks and to give an idea of the deformed shapes. The specimen was

then plumbed and the recording equipment connected. A 470-kip axial

load was then applied to the column and maintained at that value through­

out the experiment. The shear transducers attached to the ends of the

beams were lowered, gradually, until a 3.S-kip downward reaction was

produced, simulating the subassembly under dead and working live load

conditions.

Loading was controlled throughout the test by the magnitude of the

lower column hinge deflection, 0 The loading history for BC3 is

shown in Fig. 3.8. This specimen was subjected to an incremental cyclic

load sequence until the maximum deflection safely accommodated by the

testing frame was reached.

The loading sequence for BC4 is illustrated in Fig. 3.9. Basically,

it consisted of a few cyclic loops with small displacement amplitudes to

simulate the working load conditions, and a single large loop. The dis­

placement amplitudes of the loop were carefully limited during the experi­

ment so that damage to the specimen would still be repairable by the epoxy
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injection method. These limit amplitudes were +3.6 in. and -3.57 in.

It should be noted that the response under essentially monotonic load

was obtained from the loading sequence LP6RB to LP23 (Fig. 3.9a).

3.6 Repairing Process and Testing Procedure for Subassemblage BC4E

a) Repairing Process

BC4E was plumbed prior to beginning repair work by a trial and

error procedure of reloading and unloading the lower column hinge. During

the repair process, a temporary surface seal was first troweled over the

cracks. Small entry ports along the cracks were spaced all about the

sides of the member. Then if the cracks extended through the member,

back sealing was used to prevent runout. The sealing material was a

quick-setting epoxy. The appearance of a member after sealing off the

cracks can be seen in Fig. 3.l0a.

The two components of the fast-setting epoxy resin were pumped

through a mixing head into the entry port on the face of the crack until

the injected material began to ooze out at the adjacent port. Paraffin

was then used to seal the latter port and injection of the epoxy was

continued, either from the same location or from another port, until the

cracks were repaired. From observing the injection operation, it appeared

that the cracks in the specimen were connected. This was later verified

by inspecting shattered specimens.

Under normal conditions, effective injection is limited to cracks

wider than 0.005 in.; although with special procedures, cracks one half

this width can be sealed.

During the severe cycling of BC4, some concrete outside of the con­

fined core of the beams at the column interface spalled off. Such
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regions were repaired by casting a slow-setting epoxy mixed with sand

and grout against a form (see Fig. 3.l0b).

b) Subassemblage BC4E Test Procedure

The epoxy injected into the repaired specimen was allowed to

cure for 3 to 4 days before the test was resumed. The specimen was

whitewashed again to help the detection of new cracks. and the grid lines

were redrawn.

Prior to application of the horizontal load, the column was com­

pressed with a 470-kip axial load which was kept constant throughout the

test. The specimen was then loaded according to the loading history

shown in Fig. 3.11. As can be seen in that figure. three complete cycles

were carried out at each selected value of the deflection. Comparison

of the first cycle of the hysteretic loop with following cycles at the

same peak deflection provided a measure of degradation in stiffness and

energy dissipation. The specimen was loaded by progressively increasing

the peak deflection, 8, until maximum deflection, 4 in. was reached.
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4. BC4 EXPERIMENTAL RESULTS AND DISCUSSION

4.1 General

The overall behavior of~this subassemblage is measured by the H

vs 0 response, where H is the horizontal force applied at the hinge

of the lower column and 0 is the total horizontal displacement of the

same point. This behavior depends on the interrelated performance of

the connected elements, i.e., the two beams, the column, and the joint.

When the horizontal and the axial forces are applied at the lower column

end, each element resists some portion of the loads and deflects accord-

ing to its relative stiffness. The total displacement, 0

of several independent components (see Fig. 4.1), namely:

o = (0 £ + 0 ) + (0 1£ + 0 1) + (0. + O. )r rs co co s J s J p

is composed

(4.1)

where the first, second, and third sets of parentheses denote the beam,

column, and joint contribution to the deformation respectively. The sub-

scripts £ and s denote flexural and shear modes of deformation, while

the subscript p denotes push-in and pull-out of the rebars in the joint

causing fixed-end rotation. The physical interpretation of each term is

given in Fig. 4.1.

Equation 4.1 includes all possible sources of deformation. However,

as was observed from the BC3, BC4, BC4E, and earlier tests [11] both the

column and joint shear deformations are very small in comparison with

the other components and can be neglected. Then Eq. 4.1 reduces to:

o +rs (4.2)

The horizontal displacement, 0, is mainly governed by deformations of
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the critical regions which develop in the beams adjacent to the beam­

column connection and in the connection itself. Note that no critical

regions were developed on the columns since the subassemblage was designed

according to the weak girder - strong column concept. The location of

critical regions can be identified from observations made in previous

tests (ref. 11). The critical regions are designated BWl and BW2 for

the west beam and BEl and BE2 for the east beam (Fig. 4.2).

In the following sections, the experimental results obtained for

the three specimens are presented. Results for BC4 are presented first,

then the results of BC4E are given, and the two are compared. Finally,

the results of the BC3 tests are given and are compared with the other

two specimens.

The general behavior of BC4 is described first, followed by a pre­

sentation of curves showing the mechanical behavior of the total sub­

assemblage and its critical regions. The test results are evaluated

whenever possible by comparing them with results obtained either analy­

tically or as recommended by standard codes.

4.2 General Behavior of BC4

At load point (LP) 12 (see Fig. 3.9a), 3.5-kip downward dorces were

applied at the far ends of both beams to produce a net 223 K-in. negative

moment at the column support to simulate the effect of a gravity load.

Because of the initial negative moment on the beams, the first flexural

cracks developed on the top surfaces of east and west beams at LP 1 and

LP 2, respectively.

Diagonal shear cracks started to form near the load corresponding

to LP 9 and LP 10 in the east beam as a continuation of flexural cracks.
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The shear force necessary to start the diagonal cracks was 16.6 kips,

compared with 17.4 kips predicted by the 1971 ACI Code (see Appendix A).

Cracks in regions BWl and BW2 were less inclined than in BEl and BE2.

At LP 19 (see Fig. 3.9a) crushing and splitting were observed at

the upper corner of BEl and the lower corner of BWl adjoining the column.

As 0 increased from LP 19 to LP 23, the cracks widened and their lengths

increased. Figures 4.3 and 4.4 shows the locations and approximate sizes

of the major cracks and splits at LP 23. The bulges in the concrete col­

umn cover, just above BEl and below BWl indicate considerable slippage

of the rebars anchored in the joint.

While loading in the opposite direction, new cracks appeared on

the top of BWl and the bottom of BEl at LP 28. At this load point all

of the old major cracks remained open. From LP 33 to LP 36 the new

cracks increased in width and propagated deeper into the beams, some of

them connecting with the old cracks which had closed. The crack pattern

at the end of LP 36 is illustrated in Fig. 4.5. Observe that, at the

end of this load point, the largest cracks were the two at the beam-column

interfaces, indicating that there was substantial slippage of the rebars

of both beams from the joint. The bulging of the concrete column cover

confirms this slippage.

The column was returned to its original (vertical) position ready

for repair at'LP 45. The condition of the beams and the joint before

injecting epoxy into the cracks is shown by the photographs in Figs.

4.6a and b. As can be seen from these figures, the cracks at the two

beam-column interfaces are larger than the other cracks and run nearly

through the beam sections. This indicates that pull-put and push-in of
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the bars in the joint may play an important part in the overall sub-

assl~mblage response. Their effects will be examined in more detail

from hysteretic curves of the critical regions.

4.3 Total Response (H-6, H -6)
eq

Figure 4.7 shows the deformed configuration of the subassemblage

and its external forces and reactions (H,P,V
W

' and V
E
), with their

positive senses as indicated. Equilibrium of the deformed structure

requires:

H
P6(V - V ) - -

W E L
or H = ~Q _ ~6 (4.3) ,

where (4.4)

The quantity HEQ may be interpreted physically as the result of increas­

ing the measured H by the p6 effect. Equation 4.4 indicates that

the H-6 diagram can be constructed from a known ~Q-6 curve or vice

versa.

were measured and recordedandHIn the experiment, both H
EQ

continuously with XY recorders. It should be noted that the H measured

by the lateral load transducer shown in Fig. 3.2 included the effects of

frictional forces developed at the two rollers on the beam ends and at

the upper and lower column hinges. H-6 diagram obtained from the

~Q'-6 diagram in Fig. 4.8 using Eq. 4.3 differs from the H-6 diagram

obtained from direct measurement because of these frictional forces.

This is clearly indicated in Fig. 4.9, where a comparison between the

measured H-6 curve and the one derived from the H
EQ

-6 diagram is

made. By observing the overall difference in H at the same deflection,

6, it is estimated that the frictional forces contribute from 3 to

5.5 kips to the horizontal resisting force.
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To overcome the uncertainty of the frictional forces, the HEQ-O

curve and H-o curve obtained from it will be used in studying the

response of the subassemblage.

Since the

includes the

H -0 andR"':o diagrams differ only in that the latter
EQ

P-o effect, this effect can immediately be deduced from

the figures. As can be seen in Fig. 4.8b, the P-o effect tends to

reduce the subassemblage strength, H
EQ

, in the first and third quad­

rants while increasing it in the second and fourth quadrants. For a

*lateral displacement ductility ratio of ± 5 (see Fig. 4.8b), the P-o

effect causes more than a 40% decrease in the story shear capacity, H

This effect cannot be neglected in either analysis or design as it

may lead to premature lateral instability. Comparison of the H-o and

HEQ-O loops also shows that if the hysteretic behavior of the subassem­

blage consisted only of loops with full reversals of displacement, the

P-o effect would not affect the energy dissipation capacity of the

subassemblage.

By differentiating Eq. 4.4 with respect to 0, another conclusion

regarding the P-o effect can be reached:

*In this report the following definitions are used for ductility:

Subassemblage Lateral Displacement Ductility or Tip Deflection
Ductili~ is defined as the ratio of the lower column hinge displacement
to the displacement at first yield of main reinforcement.

Average Curvature Ductility Factor is defined as the ratio of the
average curvature to curvature at first yield of main reinforcement.

Pull-out Rotational Ductility is defined as the ratio of the pull­
out rotation to the pull-out rotation observed at first yield of main
reinforcement.
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dH = dHEQ _ R.
do do L (4.5)

From Eq. 4.5 it follows that the stiffness in the H-odiagram is always

curve by P/LHEQ-O

For the small displacement amplitudes, (see Fig. 4.8a), the sub-

less than that of the

assemblage behaved like an elastic system with the average stiffness,

measured from the HEQ-O curve, ranging from 131-137 K-in. As the spe­

cimen was loaded to first yield, from LP6RB to LP 17 in Fig. 4.8b, its

stiffness decreased monotonically from 132 to 75 K-in. This reduction

in stiffness is due to progressive cracking in the critical beam regions

and the increase in tensile force in the rebars, which leads to more

. pull-out. This is confirmed by the decrease in the stiffnesses of the

critical beam regions and of the push-in and pull-out at the joint (see

Table 4.1).

Yielding was first observed at LP 17 on the HEQ-O diagram. The

specimen exhibited strong strain-hardening characteristics immediately

after this yielding. This may be a consequence of the non-simultaneous

yielding of the two beams -- when one beam is in the yielding stage, the

other remains in the elastic range; when the elastic beam enters the

yielding stage, the yielded beam is already in the strain-hardening range.

Since the 3.2 K-in. slope of the strain hardening region is smaller than

the P/L value of 6.53 K-in., the slope of the experimental H-o is

negative in this region (see Fig. 4.8b).

Because the critical regions of the beams and their connections suf-

fered considerable damage during the first loading to peak displacement,

of 3.6 in. at LP 23 as shown by the crack patterns (Figs. 4.3 and 4.4),

significant deterioration in subassemblage stiffness was observed when
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the specimen was loaded in the opposite direction (LP 27 to LP 32 in

Fig. 4.8b). In fact, its initial elastic stiffness of 132 K-in. had

degraded to 31.4 K-in. at LP 27 and to 7.8 K-in. at LP 32. Furthermore,

the abrupt change in stiffness caused by yielding of the beam rebars

could not be detected from the HEQ-O diagram. In spite of these dras­

tic reductions in stiffness the specimen was able to offer practically

the same peak resistance since the values of ~Q at LP 23 and at LP 36,

are 49 and 46 kips, respectively.

The severe degradation of stiffness and reduction in strength of

the subassemblage that can be observed in the HEQ-O plot between LP 39

and LP 42 resulted from failure of the bond between the beam rebars and

the concrete in the anchorage zone of the joint. The loss of bond is

clearly shown by the push-in and pull-out rotations of the joint illus-

trated in Figs. 4.10 and 4.11, and by the moment curvature diagrams of

the critical beam regions in Figs. 4.12 through 4.15. From LP 39 to

LP 42, the beam critical regions underwent little change in deformation

while there was a considerable change in the rotation due to slippage of

the column rebars. Measurements shown in Fig. 4.16 and 4.17 indicate

that most of the slip occurred along the bottom beam reinforcements.

This phenomenon will be discussed later.

4.4 External Reaction Curves: H-V and H-V
E W

This test demonstrated that under monotonic loading a beam-column

subassemblage designed according to current codes could sustain dis-

placement ductilities of up to six without undergoing a loss in strength.

Subsequent reversed loading in the second half of the cycle also failed

to diminish the ductility of the subassemblage.



- 24 -

Since the structure is indeterminate to the first-degree, the mag-

nitudes of the reactions Vw and V
E

relative to the horizontal load

H depend on the relative stiffnesses of the east and west beams. In

this experiment the main sources of the subassemblages stiffness degra-

dations were located at the critical beam flexural regions and at the

beam-column interface where significant slippage of the rebars occurred.

This slippage can be modeled by spring elements as shown in Fig. 4.18.

The H-V
E

and H-V
W

curves (Fig. 4.19) depict the relationship

between relative stiffness and the P-o effect. Differentiating

Eq. 4.3 with respect to Vw yields

dH--=
dV

w

dV
E1---

dV
w

P do---
L dV

w
(4.6)

where P = 470 kips and L = 72 in. in this test. From the definition

of member stiffness shown in Fig. 4.20

dM 63.5 dV = K de (4.7a)
w w w

d~ = 63.5 dV
E = -~de (4.7b)

where de is the angle change which results from slippage and beam

deformation and is the same for members on either side of the column.

Using Eqs. 4.7a and 4.7b, Eq. 4.6 can be transformed into:

and similarly,

dH--=
dV

w

dH--=
dVE

l+~-R.~
K L dVw w

(4.8)

(4.9)

Equations 4.8 and 4.9 describe the H-V
w

and H-V
E

curves through-

out the loading sequence. In the elastic loading range LP 6RB-12 or the
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unloading ranges LP 23-29 and LP 36-39 (Fig. 4.11), and dodV
w

are small relative to the rest of the terms. Thus the following approxi-

mation can be introduced in Eqs. 4.8 and 4.9:

K
dH = 1 + -K

dV Kw w
(4.10)

(4.11)

For the linear portions of the curves in Fig. 4.19, the ratio of the

stiffnesses, Kw/~' is constant. The value of ~/Kw can be calculated

from Eqs. 4.10 and 4.11, once the values of dH/dV
w

and dH/dV
E

, are

determined. From LP 6RB-12 , where the average values of dH/dV and
w

dH/dV
E

are 2.26 and -1.79 respectively, the estimated KE/K
w

is about

1.27. This result is reasonable since ~ in this range applies to the

strong reinforced side of the beam while

forced side.

K applies to the weak rein­
w

In the ranges, LP 17 to 23, LP 29 to 36, and LP 39 to 41 in Fig.

4.17, the beam rebars were either in the yielding or the strain-hardening

stages. In these ranges, the total subassemb1age stiffness was consider-

ably reduced (see Fig. 4.8b), i.e., 8 increased significantly without

a corresponding increase in the resistance offered by the yielding

members. As a result, the p-8 effect overrode the increase in load

resistance; that is,

increase.

H decreased while V
E

and V continued to
w

4.5 Moment and Fixed End Rotation Due to Push-In and Pull-Out of Joint
Rebars ~ - 8pE and' Mw - 8pW

Analyses of R/C moment-resisting frame structures usually assume

joint rigidity, attributing deformations to the flexibility of girder
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and column members. There is very little information available on which

to base accurate estimates of the influence of joint flexibility. In

this experiment, the instrumentation was carefully designed to obtain

reliable data regarding the behavior of the joint (see section 3.3).

Results showing the significance of joint deformation to the total

response are discussed.

Figures 4.10 and 4.11 show the moment vs. fixed-end rotation asso-

ciated with push-in and pull-out of the main rebars at the column faces.

From LP 6RB to LP 12, the behavior is generally linear. The elastic

stiffnesses measured in this range, together with the moment-curvature

stiffnesses of the critical regions obtained from Figs. 4.12 and 4.13

and listed in Table 4.1, were used to calculate the influence of slippage

on the total beam stiffnesses (see Appendix B). The total stiffness was

calculated for two cases, one including and the other excluding the slip-

page in the joint. The computed total beam stiffnesses are listed in

Table 4.2. It is clear from the table that even in this small deflection

range, joint flexibility can reduce the flexural stiffness of the beam

~ssuming no fixed-end deformation occurs) by 20% to 30%.

An abrupt change in the stiffnesses of the ~ - epE and Mw - epw
curves occurred at LP 17 (Figs. 4.10, 4.11). Strains in the beam rebars

show they are yielding here. Notice that the yield moments M and
w

at this point are in good agreement with those predicted by conventional

beam theory and shown in the figures.

On reloading in the opposite direction, from LP 27 to LP 32, the

average stiffnesses of M
w

- epW and ~ - epE are reduced to about 1/5

of their elastic stiffnesses (between LP 6RB and LP 12). This stiffness

degradation can be attributed partly to bond deterioration in the joint
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and partly to the Bauschinger effect in the rebars, which are consequences

of slippage and yielding of the rebars in tension when the specimen was

previously loaded to LP 23. An examination of the individual push-in

and pull-out curves in Figs. 4.16 and 4.17, indicates that the changes

in displacements 6pWl and 6pEl were rather small in comparison with

6pWll and ~PEll in this range. Thus, 8pW and 8pE were determined

mostly by the slip of the bottom rebars.

From LP 39 to LP 42 bond failure occurred in the bottom joint rebars

(see section 4.3). Because of the failure, the average stiffnesses of

~ - 8pE and Mw - 8pW were reduced to about 1/28 and 1/10 of their ini-

tial stiffnesses, respectively. There was also a pronounced reduction

in the maximum moments; max. ~ and max. M were approximately 0.35
w

and 0.65 of the moments at LP 23, respectively.

4.6 Causes of Bond Deterioration in the Joint

As has been mentioned earlier, the degradation in overall stiffness

and drop in strength of subassemblage BC4 is related to the pull-out and

push-in responses of the main beam rebars in the joint. Between LP 39

and LP 42, during which the bottom bars slipped through the column, bond

failure in the joint was the primary cause of the reductions (see H -0eq

in Fig. 4.8b). Understanding the pull-out and push-in mechanism is essen-

tial for improving the detailing of the joint so as to avoid such a pre-

mature failure.

A series of diagrams illustrating the behavior of the longitudinal

beam rebars in the joint in this test is shown in Fig. 4.21. These

figures were constructed from the following information.
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1. The individual push-in and pull-out curves in Figs. 4.16 and

4.17 provided data on the slippage of the rebars, the beam fixed-end

rotation, and the joint bond conditions. The probable length of the

regions where bond was severely damaged, shown by shading in the figures,

was crudely estimated from these curves. The calculation involved sum-

ming the absolute values of each slippage from the beginning of the test

to the load point investigated. At LP 36, most of the bond of the bottom

rebar in the 17 in. wide column was destroyed. Thus, the accumulated

slippage of this rebar was computed by summing slips ~PWll and ~PEll

from LP 6RB to LP 23 and from LP 23 to LP 36, yielding a sum of 0.598 in.

Therefore, the accumulated slippage per inch of bond damage was

0.598/17 = 0.34 in.

2. The average rebar strains (Figs. 4.22 and 4.23) calculated from

9-in. clip gage readings together with the o -E
s s

diagram for the #5

and #6 rebars (in Fig. 2.5) are used to determine the pull-out and push-

in stresses to (Fig. 4.21). Although the strains recorded by

1/2-in. weldable gages (REI and RWII) can be used to give more accurate

estimates, the strain values after intensive yielding of the rebar, E >

0.015, are unobtainable because of gage failure. The correlations between

the readings from the clip and weldable gages are shown in Figs. 4.22 and

4.23. The values of 0 1 to 0 4 were determined from an empirical reload

curve similar to the one suggested by A. Singh, and others [22], except

that the constants were adjusted to fit the ultimate strength of the

rebar; i.e.:

10 I = 90 - 52.7 (0.838)1000E
s

with E in in. lin. and steel stress o
s

in ksi.



- 29 -

Figure 4.2la shows the slippage of the rebars at LP 23. Since the

stresses °
2

, °
3

, and °4 are larger than the yield stress, 70 ksi,

the rebars continue to yield for a distance inside the joint. This

results in a significant slip in the portions of the bars near the col­

umn face and inside the joint and leads to a further reduction in the

effectiveness of bond transfer.

From LP 27 to LP 31, the cracks run through the beam-column inter­

face on both sides, leaving only the reinforcing steel to resist the

bending (Fig. 4.2lb). Since the upper part of the beam contains almost

twice as much reinforcement as the lower part, the stresses °4 and °2

can increase up to and beyond the yield stress, 70 ksi, while °
1

and

°
3

remain below the elastic limit. Stresses °1 and °4 at LP 32 are

shown in Fig. 4.2lc. Again, the bottom rebars suffer additional bond

damage because their high stresses cause large deformation, and slips.

As the specimen was loaded to LP 36, the bottom corner crack of beam

west closed, allowing the top rebar to develop larger forces. At the end

of LP 36 stress °
1

went into the inelastic range. Meanwhile, the

increase in ~ forced °
4

well into the strain-hardening range, while

03 remained in the elastic range. Therefore from LP 33-36, more bond

damage was introduced in the top left and bottom right bars of the joint

(Fig. 4.21d).

From the above description it is clear that the loading sequence

imposed on BC4 caused more bond damage to the bottom bars simply because

there was less reinforcement there, resulting in the development of high

steel stresses through most of a given loading cycle.
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4.7 Moment-Curvature Diagrams

Besides joint slippage, degradation in flexural resistance in the

critical beam regions was also a major cause in reducing the total stiff-

ness of the assemblage, particularly before the bottom bars slipped

through the column. The bending characteristics of these critical regions

can be described by the following average moment-curvature diagrams.

(1) ~l - epEl and ~l- epWl (Figs. 4.12 and 4.13) show the moment-

curvature behavior of the BEl and BWI regions defined in Fig. 4.2.

(2) ~2 - epE2 and ~2 - epW2 (Figs. 4.14 and 4.15) show the moment-

curvature relations of the BEZ and BWZ regions.

From LP 6RB to LP 12, the flexural responses of critical regions

BEl, BE2, BWl, and BW2 were nearly linear-elastic, showing continuous

and slightly diminishing bending stiffnesses as loading progressed to

LP 12. The average bending stiffnesses measured from Figs. 4.12 through

4.15 at selected load points are shown in Table 4.1. As can be seen from

the table, the stiffnesses of the two critical regions of the same beam

are quite close. These stiffness values are also close to the theoreti-

cally predicted stiffnesses (see Appendix A and Table A.l), namely,

57.8xl0
5

K-in
2

• in the strong direction and 39.3xl0
5

K-in
2

• in the weak

direction.

Yielding in the first critical regions, BEl and BWl, was

observed at LP 17. Since there were moment gradients along the beams,

the second critical regions, BE2 and BW2, showed no sign of yielding

until LP 19. Table 4.3 compares the first experimental yield moments

with those predicted from standard beam theory and from ACI code recom-

mendations. In general, the agreement between them is good. In
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particular, the yield moments observed from the MEl - <PEl and ~l - <P
WI

curves are within 10% of the predicted ones.

The yield moments for the first critical regions were, on the aver-

age 12% higher than those in the second critical regions (see Table 4.3).

This may be attributed to the fact that the cracks in the second regions

are more inclined than those of the first (see crack pat tern in Fig. 4.4).

Figure 4.24 shows how these cracks could make the measured yield moments

lower than those of the ~l - <PEl • Note that
~l and

~2 are the moments computed at section A-A and B-B, respectively;

is the yield moment capacity of the beam section.

M
Y

In the first critical regions, the strain-hardening stiffnesses

appeared immediately after LP 18 whereas in the second, they are delayed

until LP 20. The average strain-hardening stiffnesses, measured from

Fig. 4.12 to 4.15, are listed in Table 4.5. There is good agreement

among the measured stiffnesses of the critical regions on the same beam.

As the direction of the bendings reversed (LP 27-30), the moment-

curvature diagrams for BEl, BE2, BW1, and BW2 again showed a continu-

ous and gradual degradation in stiffness. This degradation comes mainly

from the following three causes.

1. Reduction in Concrete Resistance to Compressive Forces

Upon reversal of the direction of loading (LP 27-31), new

cracks develop on the opposite sides of the beams and connect with those

formed prior to LP 23 (Fig. 4.25a). This results in cracks which run

through the entire beam section (Fig. 4.25b). Because of the formation

of these cracks, the moment is resisted only by the upper and lower beam

reinforcement, without contribution from the concrete; thus, the beam
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stiffnesses are reduced. In this range the most significant deformations

developed in the bottom rebars (see Fig. 4.25b) because the amount of

reinforcement provided there was smaller than in the upper layer.

2. Reduction in Elastic Modulus of Bottom Rebar -- The Inherent
Bauschinger Effect

This effect is introduced because the bottom rebars experienced

some compressive yielding in BEl and extensive tensile yielding in BWl

when the beam was loaded to LP 23 (Figs. 4.22 and 4.23).

3. Bending of Rebars Between Cracks Due to Dowel Action

With the cracks running through the beam sections (Fig; 4.25b),

the transfer of shear force depends primarily on the dowel action of the

main rebars. This tends to bend the rebars at the cracks (Fig. 4.25b)

and substantially reduces the effectiveness of the bar in transmitting

axial compressive forces. Thus the stiffnesses of the regions decrease.

From LP 31 to 33 the cracks in the bottom part of BWl closed,

resulting in an increase in stiffness (Fig. 4.13); whereas, the cracks

of the critical regions on the east beam remained open (Fig. 4.14).

Actually, in this range, the bottom rebars had already started to yield

while the cracks had not yet fully closed.

The reloaded yield moments obtained from the moment diagrams in

Figs. 4.12 to 4.15 are listed in Table 4.4. Since there is no definite

yield point, the second yield moment in MEl -~El is only approximate.

The severe disruption of the concrete and extensive yielding in the

rebars from the previous loading, LP 6RB-12, resulted in a yield moment

almost 20% less than that predicted theoretically.



- 33 -

The bending curvatures of the critical regions exhibited strain­

hardening characteristics after the second yielding (see Figs. 4.12 to

4.15 and Table 4.6). It is interesting to note that the new stiffness

values are slightly higher than the ones obtained when the beams were

loaded to LP 23 (Table 4.5).

4.8 Shear Force -- Shear Deformation Diagrams (Vw -Yw and V
E

-Y
E

)

Shear deformations in the members, although not as significant as

flexural deformation or joint slippage, do affect the horizontal dis­

placement, 0, of the subassemblage. Moreover, as previously mentioned,

the degradation in flexural stiffness is interrelated with the shear

deformation. There are four regions where most of the shear deformation

takes place. These are the critical beam regions, BEl and BW1, close

to the column faces, and also at the junctions between the beams and col­

umn where large cracks develop due to slippage of the rebar in the joint.

The shear force -- shear distortion developed on both beams is shown

in Figs. 4.26 and 4.27. The beam shear deformation, as measured by a

pair of crossed clip gages, is due to two types of mechanisms.

1. Closing or Opening of Diagonal Cracks

This action is predominant in the ranges LP 6RB to LP 23 and

LP 31 to LP 36 in the curves.

2. Sliding Along Cracks Through Beam Sections

This type of action governs in the ranges LP 27 to LP 31 and

LP 39 to LP 42.

Unfortunately, because of difficulties with instrumentation, the

shear distortions at the beam-column interfaces were not measured. It
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is clear from Fig. 4.21b that the shear deformation could be significant

since large cracks developed, and at certain periods in the loading his-

tory these cracks were open through the beam sections.

4.9 Contributions of Various Components to Horizontal Displacement, °
As has been mentioned in section 4.1, the total horizontal displace-

ment, 0, depends on several component deformations, e.g., deformation

of the beams and of the beam-column connection due to pull-out and push-

in of the rebars. Figures 4.28(a) through (3) illustrate the significance

of each component of deformation at selected points in the loading his-

tory for the east and west beams respectively. Calculations of the com-

ponent displacements for the left side of the column are given below,

where the terms are also explained.

From the curvature distribution in Fig. 4.28, the contributions to

the flexural deformations of the west beam, that is, deformations in BWI

and BW2 and the rest of the beam, denoted by oWl' 0W2' and 0EW' are

established as follows

(<P
WI

x 9) x 59

(<P
W2

x 9) x 50.5

3Vw(46.5)

3(EI)

(in. )

(in. )

(in. )

where <P
WI

' <P
W2

are taken from Figs. 4.13 and 4.15. The average cracked

stiffness tabulated in Table A.I in Appendix A is used for the value of

EI. The reason for selecting this value rather than the average between

the cracked and uncracked stiffnesses is that in the post-elastic range

the major contribution to a from the beam other than the first and
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second critical regions is from the cracked portions. Furthermore, in

the second half of the loading sequence, (LP 27 to LP 36, see Fig. 3.9a)

there may be a further reduction in the stiffness from loading in the

reverse direction.

The shear deformation in the beam is assumed to take place mostly

at the critical regions where inelastic deformation occurs. The shear

deformation for the rest of the beam is assumed to be small and is

neglected. This assumption proves to be valid since the maximum shear

deformation of the rest of the beam, estimated by the expression

(6/5)VL/GA, yields not more than 15% of the maximum measured shear

distortion. This leads to

o = y x 11 (in.)
sw w

where Yw is obtained from Figs. 4.26 and 4.27. It should be emphasized

at this point that there is still another important source of shear

deformation which is not included in Fig. 4.28, i.e., the shear distortions

at the column faces. As mentioned in section 4.8, problems with instru-

mentation for measuring this source of shear deformation obscured the

significance of its contribution to the total horizontal displacement.

The contribution from pull-out and push-in, 0PW' is computed as

0pW = 8pW x 63.5 (in.)

where values for 8 are taken from Figs. 4.10 and 4.11.

The column component, 0 1 ,
co

is calculated by assuming 1inear-

elastic behavior along the column (see Fig. 4.29). That is,

ocol
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and <P
b

are computed from the readings of the gages

WE (Fig. 3.5c).

ED, WU,

The same procedure is followed for computing the contributions of

the components, 0EL' 0E2' opE' and 0EE in Figs. 4.28a and 4.28b from

the east beam and the joint slippage on the East side of the column.

The following points can be observed from Fig. 4.28.

1. The discrepancy between the measured ° and the one computed

by summing the different sources varies, but in general the error is not

more than 12% of the horizontal displacement.

2. Deformations of three critical regions contribute more than 80%

of the horizontal displacement: the first and second critical regions

of the beams, and the push-in pull-out region of the joint. The bending

of the first critical region contributes 40-50%; the second critical

region, 11-18%; and 20-38% comes from joint slippage.

3. After LP 17 (first yielding), the contributions to ° from

shear deformation of the beam and flexural deformation of the column and

the elastic portion of the beam are generally quite small.

4. On the east side of the column, slippage of the beam rebars

through the joint contributed a larger percentage to ° during reloading

(LP 29 to LP 36) than during monotonic loading (LP 6RB to LP 23). The

contribution was virtually unchanged on the west side (see Fig. 4.28c and

d). From LP 6RB-23, the BE2 region contributes about 18%, the BEl

region about 45%, and the joint slippage about 23%; while on reloading in

the opposite direction (LP 33-36) the contributions change to 11%, 33%,

and 38%, respectively.
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A significant cause of the above phenomenon is that the bond condi­

tions on the rebars between LP 6RB and LP 23 differ from those between

LP 33 and LP 36. Notice the bond condition of the bars under tension at

LP's 36 and 23 in Fig. 4.21; the major contribution to the push-in and

pull-out rotations, 8pw and 8pE ' between the two ranges depends on

the pull-out of the bars under tension. Note the bond damage in the por­

tion of the bottom bar close to the east side column face at LP 36 is

much more severe than that of the top bar at LP 23. Conversely, the bond

damage to the top bar close to the west side column at LP 36 is nearly

the same as to the bottom bar at LP 23. Therefore, the push-in and pull­

out components on the east side, opE' between LP 33-36 should be

greater than those between LP 6RB-23; on the west side, 0pw components

should be approximately the same.

4.10 Conclusions

From the results obtained for BC4, the following observations can

be made.

1. Displacement ductilities as high as 6 can be achieved without

loss of lateral load resistance during both monotonic loading and also

the subsequent reverse loading of the second half of the cycle. The hys­

teretic loop is spindle-shaped.

2. The P-o effect may have a pronounced effect on the lateral

load deformation response of the lower stories of tall buildings, and

should be considered in their design and analysis.

3. The beams are reinforced only 50% as much at the bottom as at

the top, giving rise to a more extensive yielding in the bottom rebars.
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This introduces considerable bond damage along the entire embedment

length in the joint. It is therefore recommended that the longitudinal

steel at the bottom of the beam should be more than 50% of the top steel

to delay the excessive bond deterioration in the bottom rebars.

4. The pushing-in and pulling-out of the top and bottom reinforce­

ment contribute significantly to the stiffness degradation of the

subassemblage.
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5. BC4E EXPERIMENTAL RESULTS AND DISCUSSION

5.1 General

A qualitative assessment of this experiment can be made from a direct

comparison of the response parameters before and after crack repair.

However, a great deal of information regarding the general behavior of

repaired reinforced-concrete subassemblages subjected to incremental load-

ing is available, and this will be presented and interpreted whenever

possible.

5.2 General Behavior of the Repaired Subassemblage

As the 470-kip axial load was applied to the plumbed columns, down-

ward reactions developed at the beam end supports of v = -4.4 kipsw and

VE = -2.7 kips. During the small amplitude displacement of the lower

column hinge, LP 0 - LP 4 (see loading Fig. 3.11), the initial negative

moments in the beams, produced by the downward shear reactions, provided

favorable conditions for the formation of small flexural beam cracks and

interface cracks on the top surfaces of the beams. The cracks appeared on

top of the west beam at LP 2 and on top of east beam at LP 3 whereas no

flexural cracks developed in the bottom of the west beam until LP 4E and

in the bottom of east beam until LP 5E (Fig. 3.10).

Interface cracks at the bottom surface of the east beam and bulging

of the concrete column cover below the west beam which indicate appreciable

pulling on the bottom bear rebar, were first observed at LP 4E. Bulging

of the concrete column cover below the east beam and interface cracks at

the bottom surface of the west beam developed at LP 5E. From LP 6 to the

end of the test few additional cracks formed, and some of them remained
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active. The interface cracks on the column faces alternately opened and

closed, the beam splitting cracks along the bottom rebars propagated

deeper into the beams, and occasionally the concrete column cover below

the beams would spall off. The deformation of the subassemblage and

appearance of typical cracks on the beams after LP 6 are shown in Figs.

5.la and 5.lb. The interface cracks were far larger than other cracks

formed in the beams, thereby reflecting the relative importance of beam

fixed-end rotations (caused by excessive slippage of the joint rebars)

to the overall response of the assemblage.

The effectiveness of the epoxy injection method in repairing cracks

is demonstrated in Fig. 5.2. Except for the interface cracks and the

cracks in the beam cover along the bottom rebar adjacent to the column,

most of the new cracks in the repaired specimen formed at different

locations. Thus, good bond between disrupted concrete surfaces and

infilled epoxy resin can be achieved with this injection process.

The maximum width of the new cracks appearing on the beam during

the test was about 1/64 in. as compared with the l/B-in. width of the old

cracks; i.e., the new cracks are about 1/8 the size of the old ones.

This reflects the fact that the repaired critical beam regions underwent

much less rotation than the originals. The opposite is true, however,

for the new interface cracks, which were more than twice the widths of

the old ones.

The above observations on cracking seem to indicate conclusively

that damaged bond of the bottom rebar along the joint was not effectively

repaired, and therefore the restoration of bond in an interior joint by

the present technique of epoxy injection is questionable. However, this
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repair method works satisfactorily in restoring the stiffness and

strength at working load level of the beam critical region.

5.3 Comparison of Experimental/Results: BC4E and BC4

As mentioned in section 4.1, the overall response of the subassem­

bIage, is composed of contributions from the beams, the columns, and the

joint and described by ~o or HEQ-O diagrams. The efficiency of the

epoxy repair method in restoring a severely cracked subassemblage can be

judged by comparing the ~o or HEQ-o diagrams of the repaired and orig-

inal specimen. Such a comparison would not give information regarding

which of the critical regions accounts for the difference in total response

of the two subassemblages, however. To overcome this, the characteristics

of ,the various critical regions of the repaired specimen will be examined

-In detail and compared with the corresponding critical regions of the

original specimen. Since the different critical regions resist the applied

force by different mechanisms (e.g., in the joint, the bond between a

rebar and the surrounding concrete), the investigation will provide data

on which regions, hence mechanisms, can be satisfactorily repaired by the

injection process.

The experimental results for the repaired specimen, and a comparison

of these with the original specimen will be presented in two phases as

functions of the displacement, o. The small displacement levels,

LP 12 - LP 6RB in BC4 and LP 1 - LP 4R in BC4E (see Figs. 3.9b and 3.11),

for which the behavior of the two specimens was almost linear (see Figs.

5.3 and 5.4), define the first phase. In this phase, the displacement

loading programs for both specimens are similar (Figs. 3.9a and 3.11).

The second phase includes the large displacements, LP 6RB to LP 44 for
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BC4 and LP 4 to LP 28 for BC4E, where the behavior of both specimens was

highly nonlinear. The displacement loading programs in this phase were

quite different. Progressively larger displacements were imposed on the

repaired specimen, while a single loop of large displacements was applied

to the original.

The HEQ-O and H-o diagrams for BC4E for the small displacement

levels are shown in Fig. 5.3. Except for a slight deviation from linear-

ity during unloading, this specimen behaved almost as a linear-elastic

system with an average stiffness of 76 kips/in. in the HEQ-O curve.

Because of the P-o effect, the stiffness of the H-O diagram is con­

sistently lower than that of the HEQ-O diagram.

The HEQ-O curves for the repaired and original specimens at small

displacements are shown in Fig. 5.4. A marked difference in the two dia-

grams is the more than 50% reduction in the initial elastic stiffness of

BC4E from that of BC4; namely, 137 kips/in. before repair to 72 kips/in.

after repair. A possible explanation for this difference lies in the

fact that while epoxy injection restored the continuity between the two

faces of the crack, it probably did not completely restore the bond between

the concrete and the steel rebars, particularly for those bars that suf-

fered bond damage throughout their embedment length in the joint. In

addition cracks of size smaller than 0.005 in. in critical beam regions

could not be injected, thus remained open. Evidence to support this

conjecture is given in Table 5.1 where the average elastic stiffnesses

of the moment push-in and pull-out diagrams and the moment-curvature

diagrams are listed. As can be seen from the table, the push-in and

pull-out elastic stiffnesses of the repaired joint are about half those

of the original specimen.
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The performance of the repaired specimen subjected to the progres­

sively larger displacement sequence, LP 4 to LP 28, is demonstrated by

the HEQ-O and H-o diagrams in Figs. 5.5 and 5.6, where the yield dis­

placement of BC4 is used to establish the ductility scale. Two distinc-

tive characteristics of the curves are easily observed, namely the degra­

dation in initial stiffness and the greatly reduced energy dissipation

in the second and third loops relative to the first loop for a given dis­

placement level.

It can be seen from Fig. 5.5 that the initial stiffness is about

72 kips/in. After loading to LP 5 it drops to 23 kips/in. After loading

to LP 7 it drops further to about zero. These low initial stiffnesses

are too small to overcome the reduction in stiffness due to the P-o

effect and thereby result in the negative slope in the H-o diagram

(see Fig. 5.6). Continued reduction in energy dissipation capacity as a

result of cycling at a given displacement level is clearly shown in col.

4 of Table 5.2. From this table, the energy dissipation of the second

and third repeating loops is seen to be only 40% to 80% that of the first

loop.

Since elasto-plastic models have long been used in seismic analysis

as a basis for developing more sophisticated models, it is interesting

to compare the ability of the repaired specimen to dissipate energy with

an ideal elasto-plastic model subassemblage. (For details of the ideal

elasto-plastic subassemblage response, see Appendix F.) As noted in the

last column of Table 5.2, for loops with the same displacement level, the

energy dissipation of the repaired subassemblage varies between 10 and

50% of that of the idealized elasto-plastic subassemblage -- a consider­

able reduction. The energy continues to drop as the displacement level

increases.
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The reduction in story shear capacity due to the p-8 effect is

shown in Fig. 5.6. As can be seen from the figure, at a ductility of

about 4.5 for the repaired specimen the reduction in story-shear resis­

tance is about 50% and more than 80% for a ductility of 5.3. The reduc­

tion in energy absorption is also easily observed from the figure.

Since the loading history of BC4 between LP 6RB and LP 23 is quite

different from the loading history of BC4E between LP 4 and LP 26 (see

Figs. 3.9b and 3.11), few relevant comparisons of the performance of the

repaired and original specimens are possible. Comparisons can be made of

the differences in response when the specimens are loaded to the inelastic

range for the first time (serviceability condition, Fig. 5.7), of the

maximum resistances of the subassemblages (Fig. 5.8), and of the energy

dissipations at the same displacement level of 3.6 in. (Fig. 5.9).

The performance of the repaired specimen at the serviceability level

as well as up to the first significant inelastic deformation was satis­

factory despite its slightly larger deflections (see Fig. 5.7).

The ability of the repaired specimen to maintain the same order of

magnitude of maximum resistance as the original is demonstrated in Fig.

5.8. In the second loop cycle, however, there is a considerable reduc­

tion (about 20%) in strength from the original specimen.

Although both specimens could be deflected without developing brittle­

type failure, there is a great difference in the energy dissipation capac­

ities of the subassemblages. This is clearly indicated in Fig. 5.9 where

the area enclosed by the loop, BC4E, is about 1/6 that for BC4.

Figure 5.10 and 5.11 show Mw - epW and ME - epE ' the push-in and

pull-out moment rotations on the west and east sides of the column faces

of the repaired specimen. A continuous record of joint moment-rotation
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on the east face of the column is not available because the welded pins

which supported the potentiometer for measuring the slip of the bottom

rebar broke off early in the test. Therefore, the envelope of the

moment-rotation curve (Fig. 5.11) computed from readings of gages FEI

and FEll in Fig. 3.5c is presented instead. In addition, the M
w

- 8pW

and ME - 8pE curves for BC4 are also plotted in Figs. 5.9 and 5.10, to

provide a direct comparison. It is evident that the main cause of the

low initial stiffness and pinching in the H
EQ

"," 8 diagram after LP 9 (see

Fig. 5.5) is excessive bar slippage in the joint causing beam end

rotation. The rotations 8pw and 8pE of the repaired joint were far

greater than those of the BC4 joint, which indicates poor epoXy restor-

ation of the joint bond.

The moment-curvature diagrams for the first critical.beam regions

for both repaired and original specimens are shown in Figs. 5.12 and 5.13.

As can be seen from Fig. 5.12, the initial stiffness of the repaired

beam's critical region was as great as the unrepaired beam. Therefore,

there was no significant contribution to the degradation in stiffness of

the BC4E total response, H -0
EQ

from the critical beam regions.

The critical regions of the repaired beam underwent much less rotation

than the original beam, reflecting the minor damage to the BC4E beams.

This again indicates how well the epoxy injection method restored the

cracked beams.

5.4 Joint Behavior and Mechanism of Deterioration in Stiffness of the
Repaired Subassemblage

As mentioned before, degradation in subassemblage stiffness is

mainly due to deteriorating rebar bond in the joint (see section 5.3).

In this section, the push-in and pull-out action of the joint rebars and
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other causes of reduction in the stiffness will be described in more

detail.

The stiffness degradation of the sub assemblage can be classified in

two phases:

1. Before destruction of joint bond and surrounding concrete, from
LP 4B to LP 7R (see Fig. 5.10).

In this phase, the major source of degradation is the extremely

rapid bond deterioration on the bottom rebars under full cyclic

loading.

2. After complete destruction of the bottom rebar bond, from LP 9
to the end of the test (see Fig. 5.10).

The behavior of the joint and the causes of degradation in stiff-

ness will be explained below by studying a typical loop of the

Mw- epW plot (Fig. 5.14 taken from Fig. 5.10). Since the bond

in the bottom rebars was completely destroyed, 8pW ' which is

mainly produced by the slip-in and slip-out of the bottom rebars

(see the individual slip curve in Fig. 5.15) is also markedly

influenced by the moment on the other side of the column, ME'

Therefore, M
E

- epw for the loop is also shown in Fig. 5.14 to

give a more complete picture of the joint behavior.

As can be seen from Fig. 5.14, M
w

- 8pW and ME - 8pW represent two

kinds of joint behavior. The first occurs during closure of the inter-

face cracks and corresponds to the portion of the curve having zero slope

(labelled AB, A'B', DE and D'E').The second is apparent after the com-

plete closure of the cracks (labelled BC, B'C', EF, and E'F'). This joint

behavior will be described in detail using ranges ABC and A'B'C' as

examples.
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A sketch of the joint deformation during loading from A to B is

shown in Fig. 5.16a. Note that in this range the interface cracks run

completely through the beam section, leaving only the top and bottom

reinforcement bars to resist the moment; ~ (about 25.6 kips-in.) and

ME (about 153.8 kips-in.) act in the same sense, i.e., they both produce

compressive strain in the bottom rebars. The free~body diagram showing

how the equilibrium requirement for the joint is satisfied is shown in

Fig. 5.16b. Since bond is completely destroyed along the bottom rebar,

it is free to slip through the joint with little resistance. Because ME

is larger than ~ the force in the rebars due to ME determines the

direction of slip and controls both rotations eE and 8W ' As the col­

umn is displaced from left to right, the joint rotates freely until the

column face contacts the bottom part of the east beam. The free rotation

is equal to the amount of rotation from A to B and depends upon the

interface crack width, ~C. The progressively increasing displacements

imposed on the subassemblage result in more damage at the interface crack,

thereby increasing the crack width, ~C, and the portion of the curve

with zero slope becomes larger.

The deflected joint and its corresponding free body diagram, in the

range B to C of M
w

- 8pW ' are illustrated in Fig. 5.l6c and d. The

concrete surface at the interface crack adjacent to region I, which was

open previously, is now in contact with the column surface on the east

side. Because of loss of bond in the bottom rebars in the connection,

the anchorage zone of the force T , induced by M
w

shifts from the

column to the region I. This leads to a force distribution in the east

beam at the column face as shown, i.e., the compression concrete block

surrounds the tension force, T' , of the bottom rebar. Such a force
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distribution pattern causes a large relative slip between the reinforce­

ment and compressive concrete which leads to formation of the splitting

crack along the bottom rebar (see close-ups in Figs. 5.l7a and b). This

crack formation not only impairs the force transfer in bond but it also

decreases the effectiveness of the concrete cover in resisting compression

and accelerates the spalling of the cover. The loss of bond in this

region increases the flexibility of the bottom rebars in the joint and

prevents them from developing large tensile forces. Meanwhile, the loss

of concrete cover tends to reduce the length of the internal moment arm.

The same action occurred in region II when the column was displaced in

the opposite direction; i.e., the joint rotated from E and T' in

Fig. 5.14. The damage in regions I and II due to the increase in unbonded

length of the bottom rebars and the loss of concrete cover ,is believed to

be a primary mode of stiffness degradation in ranges BC and EF of

the curve in Fig. 5.14 as the specimen was loaded to increased peak dis­

placements and as the number of cycles increased.

5.5 Conclusions

From a review of the experimental results of the repaired subassem­

blage the following observations can be made.

1. The influence of the P-o effect on the lateral deformation

response is very pronounced.

2. The stiffness of the repaired subassemblage even at service load

conditions is about one half that of the virgin specimen. However, the

maximum resistance capacity of the repaired subassemblage in this range

is higher than that of the virgin specimen. Therefore the performance of
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the repaired specimen under working conditions can be considered to be

satisfactory.

3. Beyond a deflection duotility of the subassemblage of 2.3, there

is a pronounced degradation in the initial stiffness of the repaired

specimen. The repaired hysteretic loops are N-shaped, showing a very

large reduction in energy dissipation and energy absorption. Therefore,

the epoxy injection repair method proved to be ineffective in restoring

the original mechanical properties of the specimen for more severe dis­

placement conditions.

The main cause of the poor performance of the repaired subassem­

blage was the ineffectiveness of. the repair method in restoring bond of

the bottom rebar along its embedment length in the column. When the spe­

cimen was subjected to a few cycles of large displacements of ductility

of 2.3 and higher, the bottom rebars slipped through the column.

4. The repair method is very effective in repairing the cracked

beam where flexural behavior is of primary importance.

Conclusions 3 and 4 suggest that if the major cause of failure in

the virgin specimen is a loss of bond in the anchorage zone, the effec­

tiveness of the present method of epoxy injection repair in restoring

the beam-column subassemblage is highly questionable. On the other hand,

if beam failure is due to cracking, the repair method is quite satisfactory.



- 50 -

6. INFLUENCE OF LOADING HISTORY ON THE BEAM-COLUMN

SUBASSEMBLAGE RESPONSE

6.1 General

This chapter is devoted to evaluating the effects of different load­

ing sequences on the performance of the beam-column subassemblages. In

order to achieve this, the behavior of subassemblage BC4, subjected to

monotonic loading (see Fig. 3.9a), is compared with subassemblage BC3,

loaded cyclically to progressively increasing peak displacements (Fig.

3.8). It should be noted that the loading history for BC4 can be con­

sidered to be monotonic only from LP 6RB to LP 23, and not for the large

cycle beyond LP 23. In spite of this fact, this loading sequence will

be called "monotonic reloading" for later reference.

The general loading history will be presented first followed by an

investigation of the effects of the loading history on the strengths,

sttiffnesses, ductilities, and energy dissipation capacities of the

subassemblages. The presentation of the general loading history serves

to introduce some of the basic responses of BC3 needed for later dis­

cussion and to give a direct comparison of the overall responses for BC4

and BC3. More information on the behavior of BC3 is given in ref. [11].

6.2 Comparison of BC4 and BC3

6.2.1 Overall Response

To avoid the complication introduced to the H-o diagram by the

P-o effect, the influence of the loading sequence on the overall response

of BC3 and BC4 is commented on using the HEQ-o diagrams in Fig. 6.1.

Two features are clearly seen in this curve:
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1. BC3 experienced a sudden drop in load resistance after LP 28

(at a displacement level of -2.8 in.), while BC4 is able to maintain

an increasing resistance of up to -3.5 in. This implies that the capac-

ity of a subassemblage for deforming without loss of strength is adversely

affected by cyclic loading.

2. Load-deformation response curves for BC3 before the -2.8 in.

displacement are spindle shaped with slight reductions in the peak H
EQ

and moderate degradation in stiffnesses in the repeated loop. Beyond a

-2.8 in. displacement, the loops are unstable showing sharp decreases in

strength and stiffness.

6.2.2 Response of the Joint

The moment-rotation relationships, with fixed end rotations 8pW

and 8pE caused primarily by the push-in and pull-out of the beam rebars,

for the two loading sequences are shown in Figs. 6.2 and 6.3. As shown,

the maximum fixed end rotation of BC3 is far greater than that of BC4.

For instance, the values of 8pE and 8pW of BC4 at LP 23 are -0.018

and 0.010 rad., respectively, while those of BC3 at LP 29 and at approxi­

mately the same displacement level are 0.068 and 0.059. The shapes of the

BC3 ~- 8pW and M
E

- 8pE curves starting from LP 27 indicate that the

sudden decrease in load resistance and in stiffness of the specimen's

overall response (Fig. 6.1) is caused by poor bond transfer between the

main rebars and the concrete in the joint.

6.2.3 Flexural Response of the Critical Beam Regions

Comparison of the flexural behavior of the critical beam regions

of specimens BC3 and BC4 is shown in Figs. 6.4 and 6.5 where the maxi­

mum average curvature of ¢El and ¢Wl for BC3 is seen to be less than
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that for BC4. While the values of ~'YEl

are about 0.00185 rad/in., those for BC4

and ¢Wl of BC3 at Lp 25

at Lp 23 are about 0.0028

rad/in., about one and one-half times larger. Because the joint rotations,

8
PW

and epE (see Figs. 6.2 and 6.3) developed in BC3 are considerably

larger than those in BC4, smaller flexural rotations, eEl and e
Wl

'

were needed in the critical regions of BC3 for the assemblage to assume

the imposed deflection, 0 The sharp decrease in curvature between

LP 28 and LP 31 (Figs. 6.4 and 6.5) reflects the bond failure of the main

rebars in the joint and the large increase in joint rotations.

6.2.4 Rotation at Column Faces and in Critical Beam Regions

Since the main contributors to the subassemblage deflection, 0

are deformations in the joint, epW and epE ' and bending along the

critical beam regions adjacent to the column faces, eWl and eEl' it

is interesting to see how the loading sequences affect these deformations.

Figures 6.6 to 6.9 show the relation between the peak rotations of epW '

8Wl (9 x ¢Wl) , epE ' and eEl (9 x ¢El) under different cycles and the

corresponding deflections, 6. For BC4 the first quadrants of the

graphs represent the rotations for a monotonically increasing load; i.e.,

the specimen was in its virgin condition before loading, while the third

quadrants correspond to monotonic reloading, or the response obtained

after damage from an analysis of the curves, the following observations

are made:

1. The beam-end rotations, epW and eEW' caused by slippage

of the bars from the joint for 6's less than 3 in. are generally larger

under cyclic loading than under monotonic loading for bending in the weak
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direction. For bending in the strong direction the rotations are not

greatly effected by the type of loading sequence (see Figs. 6.6 and 6.8).

2. The rotations of the/critical regions, e
WI

and eEl in the

weak direction and in the same displacement range are smaller for cyclic

than for monotonic loading, while for the strong direction the differences

are slight (see Figs. 6.8 and 6.9). Since 0 is mainly a function of

the beam-end and critical region rotations only, it is expected that,

under the two loading conditions, if one beam's end rotation is relatively

larger than the other, then its corresponding critical region rotation will

be smaller than the other to achieve the same 0 in both.

3. No definite conclusions can be reached for the tip deflection

~n the third quadrant in the 0 to -3-in. range with regard to which of

the loading sequences produces greater rotations in the critical regions.

4. At displacements greater than 3 in., bond failure due to the

effects of load reversal appears to be the cause of the large increase

in beam-end rotations observed between LP 25 and 29 (Figs. 6.6 and 6.8).

No such phenomenon is observed for the monotonic curves. This sudden

increase in beam-end rotation accounts for the sharp decrease in critical

region rotations (see Figs. 6.7 and 6.9).

5. Joint rotations are generally larger for the repeated loop of

cyclic load than for the first loop (Figs. 6.6 and 6.8); while rotations

of the critical regions are greater for the first than the second loop

(Figs. 6.7 and 6.9). This indicates that progressive cyclic loading induces

more significant deterioration in the joint than in the beams.
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6.2.5 Mode of Failure BC4 vs. BC3

The failure of both specimens was caused by slippage of the main

rebars in the joint. However, detailed study of the four slippage curves

for BC3 (Figs. 6.10 to 6.13), and those for BC4 (Figs. 4.16 and 4.17),

indicates that joint failure was restricted to slippage of the bottom

bars in BC4, whereas slippage occurred in both the top and bottom bars

of BC3. Appreciable slippage of top bars starts near LP 26 (Figs. 6.10

and 6.11), while in the bottom bar this happens around LP 27 (Figs. 6.12

and 6.13». Because of the excessive, almost simultaneous, slippage in

both layers of the main rebars of BC3, the drop in load resistance and

degradation in stiffness became so great that the subassemb1age was

unable to overcome the P-o effect and became unstable, terminating the

test. The onset of instability in BC3 is illustrated in Fig. 6.14 where

it is shown to occur after LP 26.

6.3 Strength Characteristics of BC3 and BC4

Yielding and maximum strength definitions are employed in the com­

parison herein. From Fig. 6.3, it is observed that the yield strengths

of BC3 are clearly defined in both positive and negative directions of

loading, whereas for BC4, only the positive yield load is clearly

discernible.

An inspection of the curves in Fig. 6.1 indicates the negligible

effect of loading sequences on the yielding and maximum strengths of the

beam-columns. The strength is insensitive to the loading sequences

because of the following:

1. The strength of the beam-column, which was designed and detailed

according to the strong column-weak girder concept, is governed by the
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load-resisting capacity of the two beams. The strengths of these beams,

in turn, depend primarily on the yield strength of the rebars.

2. The increase in load-carrying capacity of the beam members over

their computed ultimate strength according ACI is usually small. This

is because any increase in strength due to strain-hardening in the rebar

is largely offset by bond deterioration in the joint and damage in the

compressive concrete block caused by spalling of the cover or splitting

along the compressive rebar.

6.4 Stiffness Deterioration

To facilitate study of the effects of loading sequence on stiffness

6.15 to 6.19. The responses of BC4 are indicated by dashed lines. The

curve ending at LP 17 represents monotonic response while that ending at

LP 33 represents monotonic reloading.

From these curves, the following observations can be made:

1. In all cases, monotonic loading results in the higher specimen ~~

stiffnesses.

2. The initial stiffness degradation of HEQ-O is greatly influ­

enced by the peak displacements of the previous cycles. This is clearly

seen in Fig. 6'.15, which shows the initial stiffnesses of BC3 at dif-

ferent displacement levels.

subj ected toBC3,forThe stiffness deterioration of3. H -8
EQ

progressive incremental displacements, surpasses that observed for BC4

to which one single loop was applied. The initial stiffness of the loop
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in BC3 having a peak displacement of 2.8 in. and ending at LP 29 (Fig.

6.15) is about 1/4 of that corresponding to the monotonic reload curve

of BC4 and about 1/4 of that of the monotonic load curve.

4. The degree of pull-out stiffness degradation in the joint for

BC3 is considerably larger than that for BC4 (Figs. 6.16 and 6.17).

The stiffness of the monotonic reloading curve of BC4 is about 10 times

greater than the pull-out stiffness of BC3 (LP 29). Both have the same

peak displacement of 3.6 in. Upon loading -to LP 31, the joint pull-out

stiffness degrades to near zero.

5. For specimen BC3 the beam stiffnesses of the post-elastic

curves, labeled 21, 25, and 29 in Figs. 6.18 and 6.19, undergo consider­

ably more degradation than the first-yield curves, labeled 17. After

yielding, the post-elastic curves have approximately the same initial

stiffnesses.

6. In bending the beams in the weak direction (tensile strain pro­

duced at bottom of the beams), the initial bending stiffness of the two

specimens is nearly the same; in the strong direction, the bending stiff­

ness of BC4 is slightly lower than that of BC3.

Thus, it can be concluded that the overall stiffness degradation of

a specimen is more severe under full cyclic reversals than under mono­

tonic loading or reloading having the same final displacement. This is

clearly shown by comparing the monotonic reloading curves of BC4 with

the curves of BC3 after initial yielding (Fig. 6.15). The difference

in stiffness deterioration under different loading sequences is mainly

caused by the bond deterioration in the joint. As shown in this study,

.....""
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damage to the bond of the main rebars in a joint is more severe under

cyclic loading, while the flexural behavior of critical beam regions are

not significantly affected by the loading sequence.

6.5 Ductilities of BC3 and BC4

As mentioned earlier, the yield points of BC3 were readily appar­

ent for both positive as well as negative loading sequences (see Figs.

6.1 to 6.5). These first-yield deformations are used as a basis for com­

puting the ductilities. In BC4 the first-yield deformation that was

observed during loading is used as a reference since the yield points for

the opposite loading direction could not be determined precisely.

Figures 6.20 and 6.21 show ,rotation ductilities at different values

of tip deflection for Be3 and BC4. The BC3 displacements and rota­

tions at the peak of the first loop of a series are employed in calculat­

ing the ductilities. For a comparison of the various ductilities as

functions of different loading sequences, the curves shown in Figs. 6.20

and 6.21 are shown again in Figs. 6.22 and 6.23. After studying these

curves, the following remarks can be made:

1. The tip deflection ductilities for BC3 and BC4 yield the

lowest values of ductility (see Figs. 6.20 and 6.21). There appears to

be no fixed relations among the different ductilities developed in the

critical regions of BC3. For monotonic loading of BC4 the bending

ductilities, however, are consistently larger than the pull-out ductilities

and the tip deflection ductility.

2. No ultimate ductility values can be estimated from BC4 data

since the loading sequence was selected to limit the amount of damage to

a reasonable degree; BC3, however, was tested to destruction. Since
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the major cause of the drop in load resistance of BC) was the deterio­

ration in bond of the joint, the ultimate subassemblage ductilities and

the ultimate pull-out ductilities could be obtained. These values are:

West pull-out, weak side bending ~ 4.6

strong side bending ~ 7.5

East pull-out, weak side bending ~ 5.6

strong side bending ~ 9.2

3. The effect of the loading sequences on the ultimate tip deflec­

tion ductility is indicated in Figs. 6.21 and 6.23. As noted, BC4 can

reach tip displacement ductility of 6 in each direction, whereas BC3

can only reach ductility of around 4. In fact, a larger tip deflection

ductility could have been attained for BC4 had it been tested to its

ultimate failure.

4. Since more damage occurred in the BC3 joint, the bending duc­

tilities in the critical region under monotonic loading in BC4 were

consistently and considerably higher than under cyclic loading (see

Fig. 6.23).

6.6 Energy Dissipation for BC4 and BC3

For ideal elasto-plastic materials, energy absorption and energy

dissipation can be expressed explicitly as a function of strength and

ductility. However, the highly irregular hysteretic response curves

illustrated in Fig. 6.lobscure any such relationship, and energy absorp­

tion and energy dissipation of such members must be calculated directly

from the experimental hysteresis loops.
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7. EFFICIENCY OF EPOXY INJECTION REPAIR

OF THE BEAM-COLUMN SUBASSEMBLAGE

7.1 General

Although the comparison between the behavior patterns of BC4 and

BC4E in Chapter 5 gives some insight into the performance of the repaired

subassemblage, conclusive judgment on the degree of effectiveness of the

repair method cannot be made. The main drawback of the previous compari-
,

son comes from the fact that a different loading history was imposed in

the two experiments. As observed in Chapter 6, the characteristic speci-

men responses under monotonic and incremental cyclic loading are consider-

ably different, especially with regard to degradation in stiffnesses,

ductilities, energy absorption, and energy dissipation. In order to

assess the effectiveness of the epoxy injection method in more precise

terms, it is appropriate to use BC3 as the basis of comparison.

In this chapter the experimental results of BC3 and BC4E will be

directly compared, emphasizing the influence of the epoxy injection repair

method on the restoration of strength, stiffnesses, ductilities, and

energy dissipation. In observing the results that are presented, it must

be kept in mind that the loading sequences applied to both specimens are

not exactly the same, as shown in Figs. 3.8 and 3.11. These figures show

that specimen BC3 was subjected to a few more cycles at low amplitude

displacement before being loaded to induce yielding. Therefore, it could

be expected that the Be3 specimen would have less stiffness and energy

dissipation in the first yielding loop. This is confirmed by Figs. 7.la

where the BC3 average stiffness is slightly less than that of BC4E.

On the other hand, specimen BC4E was subjected to more inelastic cycles

.-
" .

• ~:ir

~.,..".
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In this investigation, the energy to be considered is given by the

areas enclosed by the moment-rotation curves for the beam critical regions

and for the joint. To make the presentation more complete, the following

procedure will be adopted: The total energy dissipation (measured from

~Q-O diagrams) is first presented, and then, the energy dissipation in

the various critical regions is considered.

Figure 6.24 shows the magnitudes of the energy dissipating components

for BC3 and BC4 The amount of the total energy dissipated per cycle

decreased for BC3 between the two displacements levels of 0 = 2.9 in.

and 4 in. at which it was measured. This is as to be expected, since the

large displacement cyclic loading causes a large degradation in stiffness

which reduces the area enclosed by a loop. Direct comparison-of the

total energy dissipated per cycle in BC3 and BC4 is not especially

useful, because of the dramatically different types of the loading

patterns. The relative magnitudes of the components of energy dissipa-

tion are significant, however. The distribution of energy dissipated by

different mechanisms in BC3 and BC4 is quite different, and changes

with the displacement level (see Fig. 6.24). For BC3, at a displacement

level of 2.9 in., the first critical beam regions contributed nearly 50%

of the energy dissipated per cycle while the joint pull-out contributed

only 25%. At the 4 in. level the energy dissipated by the first critical

region decreas-ed to near zero while the contribution from pull-out

increased to almost 100%. In BC4, at a displacement level of 3.6 in.,

only 25% of total energy is dissipated by the joint, with 38% and 18%

dissipated by the first and second critical regions respectively.

Noteworthy is the good condition of the bond of the bars in the joint of

BC4.
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(in the displacement range of 1 to 3.6 in.) than BC3. Thus, it could

be expected that the smaller stiffness and energy dissipation values for

BC4E (see Figs. 7.la and b), are partly due to this effect.

7.2 Strength of BC3 and BC4E

The ability of the repaired specimen to attain the same ultimate

load as BC3 is apparent from Fig. 7.2. The strength envelope for the

repaired specimen for first loop displacements is seen to vary from 90

to 110% of the corresponding BC3 strength. It is also evident that the

shapes of the strength envelopes for the two subassemblages are similar.

At displacements, 0, over ± 3 in. the strengths of both specimens

decrease considerably.

Although the envelope for the repaired specimen is very close to

that for specimen BC3, a comparison of similar envelopes for the

strength reached during the second cycle at the same peak displacement

shows that there is a considerable drop in strength in the case of BC4E

with respect to BC3 (see Fig. 7.3). The BC3 maximum load resistance

is from 104 to 124% of that of BC4E.

Since the ~Q
in Figs. 7.2 and 7.3 is the difference between the

shear reactions at the ends of the beams, V
E

and V
W

' it is rather

interesting to see how the bearrrend reactions of the repaired specimen

compare with those of BC3 Figure 7.4 shows the envelope of the shear

reactions, V
E

and VW' during first loading to a new peak displacement.

From the figure it can be seen that the strength of the epoxy-repaired

beam in the weak direction of bending is smaller than that of ' Be3 at all

displacement levels. Except at displacements larger than 2.5 in., the

repaired beam's strength in the strong direction is greater. The decrease
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in strength of the repaired specimen in the weak direction of bending is

caused by the slip of the bottom bars along the joint (see Fig. 7.5).

This prevents the development of the full strength of the bars.

The ineffectiveness of the repairing process in restoring the bond

of the bottom rebars within the joint is clearly demonstrated by the con­

siderably larger amount of slip, ~PWll' (Fig. 7.5) that occurred in

BC4E compared with BC3. At the same time the upper rebars in both

specimens, exhibit approximately the same amount of slip, ~PW1. However,

this may be due to the fact that these rebars did not suffer a large

amount of bond damage before being repaired.

7.3 Deterioration in Stiffnesses

In this section the effectiveness of the repair on the stiffnesses

of the specimen is evaluated. First the overall subassemblage stiffnesses

of BC4E and BC3 are compared. Then, the stiffness deterioration char-

acteristics in the various critical regions are discussed, and causes of

the differences in total stiffness deterioration determined.

Figures 7.la and b show the H
EQ

-8 loops of BC3 and BC4E at

specific displacement levels. From these it can be concluded that the

degradation in the initial stiffness of BC4E is considerably larger

than of BC3. For instance, as the displacement, 8, increases from

1 to 2 in., the BC4E initial stiffness decreases from 69.3 kips/in.

to almost zero (see loops labeled 5 and 21 in Fig. 7.la). For a similar

displacement range, the initial stiffness of BC3 changes from 47.8

kips/in. to 23.3 kips/in. (see loops labelled 17 and 21 in Figs. 7.la

and b, respectively).
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Comparisons of the stiffness deterioration in the joint and the

critical regions corresponding to the hysteresis loops shown in Figs.

7.la and b are given in Figs. 7.6 and 7.7.

Considering joint stiffness, except at the I in. displacement cycles,

the initial pull-out stiffness of the repaired specimen is considerably

lower than that of BC3. The flexural bending stiffness in the strong

direction of BC3, except for the curves in Fig. 7.7a is less than that

of BC4E; in the weak direction of bending, their initial bending stiff­

nesses are not much different (Fig. 7.7b). Therefore, the cause of the

deterioration of BC4E's total initial stiffness, HEQ-O, is the poor

performance of the repaired joint.

It is interesting to note that increased displacements in subsequent

loops have only a small effect on degrading the BC4E elastic bending

stiffness of critical beam regions (see Fig. 7.7). This arises from the

fact that the repair process effectively restores the flexural capabili­

ties of the member, and that negligible damage occurs in the critical

region of the beam since most of the deformation is concentrated in the

joint.

7.4 Ductilities of BC3 and BC4E

To define various ductilities, the first-yield deformation of the

specimen is necessary. In the case of the repaired beam-column, a defi­

nite yield point does not exist, and it is not possible to define pre­

cisely the various ductility ratios. To overcome this difficulty, direct

comparisons of deflection, 0, beam rotations of the critical regions,

and pull-out rotations are made for BC4E and BC3.
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From Fig. 7.2, it is apparent that specimens BC4E and BC3 can

sustain approximately the same displacement of 3 in. before the load

resistance starts to drop.

The rotations induced in the joint (pull-outs) and beam bending cri­

tical regions for first loop cycles are shown in Figs. 7.8 and 7.9. An

inspection of Fig. 7.B shows that the pull-out of the bottom bars in

BC4E causes joint rotations that are consistently and considerably

larger than in BC3. This evidence confirms the inefficiency of epoxy

injection in restoring bond damage. The rotation induced in the critical

bending region of BC4E, Fig. 7.9, is near to that found for BC3 up

to displacements of ± 0.7 in., and considerably lower for displacements

larger ± 1 in. (due to more joint rotation induced at that stage). The

ultimate rotation in the critical beam regions in BC] and BC4 could

not be obtained from these tests since a premature failure occurred in

the joint.

7.5 Energy Dissipation Capacities of BC] and BC4E

As in section 6.5, the total energy dissipation measured from H
EQ

-6

is presented first, then the relative energy dissipation of various cri­

tical regions .is discussed.

From the typical hysteretic loops for BC] and BC4E shown in Figs.

7.la and b it can be seen that BC3 dissipates more energy that BC4E

at similar displacement cycles. The relationship between the total

energy dissipated and the corresponding displacement for the two specimens

is shown in Fig. 7.10. The total energy per cycle dissipated by BC3 is

consistently and considerably larger than that dissipated by BC4E. The

percentage of energy dissipation for BC4E relative to that of BC3
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for the same displacement ranges from 26 to 74% for first loading and

from 25 to 50% for the repeated loop (see Fig. 7.11). Since only a small

amount of energy can be dissipated in the repaired specimen compared with

BC3, the conclusion is again_reached that the epoxy-repair process does

not effectively restore the original subassemblage capabilities.

Since most of the energy dissipation occurs in the critical regions

where inelastic behavior arises, it is interesting to see both how much

energy is dissipated in the different regions and what the effects are

on their dissipation capacities. To answer these questions, curves show­

ing the percentage of energy dissipated in the critical regions of BC3

and BC4E were prepared (see Figs. 7.12 and 7.13). It should be noted

that in the case of BC3 70 to 100% of the total energy is dissipated

through the four critical regions. Up to a displacement of 3 in., the

first critical beam regions dissipate about 60% and the joint dissipates

about 15 to 20%. It is rather different from the case of BC4E for

which the bond between the rebars in the joint and the surrounding con­

crete is poor. Therefore, more energy is dissipated in the joint pull­

out and less in the beam critical regions: for the BC4E, about 30%

by the west joint pull-out and 10% by the east beam critical region (see

Fig. 7.13) compared with about 9% by the joint and 30% by the beam region

for BC3. (Unfortunately, information regarding the energy dissipation

in the east joint pull-out and the west beam critical region is not avail­

able to complete Fig. 7.13.)

A comparison of the energy dissipated in the joints of BC4E and

BC3 is shown in Figs. 7.14 and 7.15. It can be seen that during first

displacement loops, the repaired joint of BC4E can dissipate more energy

than the joints in BC3, in spite of the greater total energy dissipated
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in BC3. For the repeated loop, however, considerably less energy is

dissipated in the BC4E joint in comparison with that of BC3 (see

Fig. 7.16).

In BC3, for displacements less than 3 in., the critical beam regions

are actively involved in dissipating energy while in BC4E the failure

in the joint bond effectively prevents the beam critical regions from

participating in the energy dissipation. This behavior is shown in Figs.

7.16 and 7.17.



- 67 -

8. ANALYTICAL PREDICTIONS

8.1 General

Recently, various mathematical models representing the behavior of

reinforced concrete members have been used in predicting the response of

a structure under earthquake excitation. These include the elasto-plastic

hardening model (or bilinear model) used by Anderson and Bertero [25] and

the degradation model proposed by Clough [26]. Usually, only the flex­

ural properties of the reinforced concrete members are used in construc­

ting the hysteretic model; the effects of shear distortion and joint flex­

ibility are neglected. In this chapter an attempt is made to assess the

accuracy of predicting subassemblage response using the bilinear and

degrading models.

8.2 Assumptions and Geometric Considerations

In order to account for the p-6 effect, which is one of the sig­

nificant parameters in the subassemblage experiments, a second-order

analysis which includes the relative displacement of the columns was car­

ried out. The parameters defining the deformed configuration of the sub­

assemblage are given in Fig. 8.1

The following assumptions are made in the analysis:

1. The joint is rigid and therefore the deformation of the sub­

assemblage comes from the flexibility of the beam and columns.

2. Shear deformations in the beams and columns are negligible.

The second assumption is reasonable, as has been shown in Fig. 4.28.

The first assumption, although not entirely correct, is usually made in
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most analyses. With these assumptions,

o = e x 72 + 0col

and

(8.1)

(8.2)

where 0 t and 0 b are the deflections contributed by the upper and
o 0

lower columns, respectively (see Fig. 8.1).

From Fig. 8.1, the equilibrium conditions dictate that

Po
- - =

L
H

eq
Po
L

(8.3)

(8.4)

where H, VW' V
E

' P and P' are forces acting on the subassemblage.

8.3 Analysis of Column Deflection

Since the predicted cracking moment for the column section (M
cr

2260 k-in., see Appendix D) is approximately the sum of the yield moments

in the weak and strong directions of the beam section (see Appendix A),

the column will essentially behave as if in its elastic uncracked state.

Since it is in the linear elastic range, the closed form solution describ-

ing the deflections of the column can be found.

In the analysis, P' in Eq. 8.4 is assumed to be equal to P. This

assumption is justified since P» (VE+ V
W
). (From the experiment,

P = 470 kips, V
E

+ Vw .:::: 20 kips.) The distance from the center of the

joint to the hinge is used as the effective length in the beam-column

action (see Fig. 8.2). As a result of these approximations, the deflected..
shapes of the upper and lower columns are identical and hence,
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o = 20 t
col 0

20
o

(8.5)

Figure 8.2 illustrates the deformation of the column. The moment

induced in the column at distance x can be expressed as

M(x) = P(o +L'8- y- x8) + H(L' - x) ,
o

a < x < L' (8.6)

where y is the deflection due to the flexural deformation of the column

section.

Equation 8.6 can reduced to

where
M(x) -Py + A - Bx (8.7)

A P(o + L'8) + HL'
o

(8.8)

and
B

L'

(P8 + H)

L/2

(8.9)

(8.10)

From Eqs. 8.2 and 8.3,

H = H - (P/L) (L'8+ 20 ) = H - P(8/2+ 0 /L)
eq 0 eq 0

The moment-curvature relation for elastic structures is

where EI = uncracked stiffness of the column section .

Combining Eqs. 8.7 and 8.12 yields

2
EI U + Py = A - Bx

di

The general solution of Eq. 8.13 is

(8.11)

(8.12)

(8.13)

y(x)
1

C
l

cos as + Cz sin ax + p (A- Bx)
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in which

a = P/EI

The boundary conditions, yeO) = 0 and yl(O) 0, yield

(8.14)

y(x) A +B. 1( )P cos ax Pa Sln ax + p A- Bx (8.15)

To determine 0
o

one more condition is needed, i.e.,

y(L I
) o

o
A ,+B. I+l( I)- p cos aL Pa s ln aL P A - BL (8.16)

Using the definitions of A and

o
o

where

From Eqs. 8.1 and 8.2,

B, Eq. 8.16 is solved for

(
<5L

I
)

SL 1- tan oL'

8 = H /p
eq

<5
o

and

(8.17)

H
<5 = 8L(1- aL/[2 tan a L/2]) eq + Le

o P (8.18)

Using the experimental values, P = 470 kips, EI = 488.2xlOs kips/in.

and L = 72 in., Eq. 8.17 becomes

o = 6.376 x 10-4 H + 72 e
eq

8.4 Analysis of the Beam Deformation

(8.19)

To determine the relationship of e, V
E

, and Vw for a subassemb1age

subjected to a well-defined loading history, beam deformations are ana-

lyzed using various nonlinear material models. The solutions are obtained

from a step-by-step numerical approach.

The structure is represented by Fig. 8.3. The mathematical expres-

sions for describing this incremental procedure are:
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t,Mi
w

(8.20a)

(8. 20b)

Where the superscripts correspond to the i-th step; 6M
i

is the incre-

mental moment introduced by the horizontal force, H ~ and lIMi
E

are the corresponding changes in beam member moments (see Fig. 8.3) and

the beam stiffnesses, ~ and ~ are as defined in Fig. 4.20.

(8.21a)

(8.21b)

where are the corresponding changes in the angle of rota-

tion of the beams. Details for determining ~ and Ki are presented

in section 8.5.

Once ~~ and ~Mi are found, the horizontal force acting at the

bottom hinge of the column, H, and the corresponding horizontal dis-

placement, 6, are established as follows:

~+l (8.22a)

and from Eq. 8.19,

(8.22b)

(8.23)

(8.24)
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ei +l
x 72 + 6.376 x 10-4 ~~l

'+1 p si+l
~Q - un

(8.25)

(8.26)

8.5 Moment-Curvature Relation for the Beam Section

To simplify the subsequent analysis, the moment-curvature relations

originally obtained by analyzing the cross section of the beam (Appendix A)

are approximated as linear curves (bilinear model) (Fig. 8.4). The stiff-

ness in the linear range is based on the cracked transformed cross-section,

i.e., uncracked section behavior is neglected.

8.6 The Elasto-Plastic Hardening Model

The analytical work presented in this section is based on the assump-

tion that the bilinear model of Fig. 8.4 is applicable to the reinforced

concrete member at the M-~ level.

8.6.1 Moment-Curvature Hysteresis of the Beam Section

Figure 8.5 shows the hysteresis rule adopted for this model. The

curves OAB and OJK are taken from the modified moment curvature dia-

gram for the weak and strong directions of bending, respectively.

8.6.2 Determination of the Beam Member Stiffness, ~ and Rw

For the elastic loading and unloading, the stiffness, K, of the

member with the far end simply supported is

K = 3(El)
L

where the elastic El's are given in Fig. 8.5.
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For a member loaded beyond yielding, the stiffness is computed from

K

where 68 is determined from the change in the angle of rotation when

the moment changes from M to M+ 6M. Each beam is subdivided into

small elements which follow their own moment-curvature hysteretic paths.

The moments and curvatures are then evaluated at the centers of the

elements.

8.6.3 Comparison of Analytical and Experimental Results (BC4)

For purposes of comparison, the maximum horizontal displacement,

0, in the analysis will be matched to the experimental one. The ini-

tial 3.5 kips downward reactions are included in the analysis. Figures

8.6 and 8.7 show the H -0EQ
and H-o diagrams obtained from both anal-

ysis and the experiment. The following observations are made from the

curves.

1. There is relatively good agreement between the predictions and

the test in the range LP 17 to 23 and fair agreement for LP 32 to 36.

Hence, the strength of BC4 can be reasonably accurately predicted.

2. The first yield deflection obtained from the analysis is less

than that of the experiment. This is not surprising since the prediction

does not include flexibility introduced by the joint.

3. As anticipated, a large discrepancy occurs between the pre-

diction and the experiment from LP 26 to 31. This discrepancy arises

because the same elastic stiffness of the beam section used to predict

the first yield is employed to calculate the response of this part of the
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curve in the model (see Fig. 8.5). During reverse loading when cracks

are still open, large forces are transmitted thru the rebars which exhi­

bit a strong Bauschinger effect. This makes the stiffness at the criti­

cal regions much lower than the elastic stiffness used in the model.

Furthermore, the model used in the analysis does not allow for slippage

of bars in the joint.

4. A considerably larger discrepancy between prediction and

experiment occurs from LP 38 to 42 (ss Figs. 8.6 and 8.7). As has been

mentioned in section 4.5, in this range the controlling mechanism of the

subassemblage behavior is the pull-out and push-in of the joint. This

is completely ignored in the model.

5. The model considerably overestimates the energy absorption

and dissipation of the subassernblage. The energy dissipation for the

complete experimental cycle is about 70% of the predicted one.

8.7 Degradation Model

The analytical work presented in this section is based on the assump­

tion that a degradation model which approximates the mechanical proper­

ties of a reinforced concrete member is applicable at the M-8 level.

This approach has been used by Otani and Sozen [27J in predicting the

response of a three story reinforced concrete building under simulated

earthquake excitation.

8.7.1 Hysteresis of the Moment-Rotation M-8

The moment rotation curves, M-8, of a beam with the far end

supported on a roller are first constructed by using the bilinear M-¢

diagram of Fig. 8.4. These M-8 relations for both the weak and strong
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are established as illustrated in Fig. 8.8. The curves are then approxi-

mated by the bilinear diagrams, OAK and ODM, as shown by the dashed

lines in Fig. 8.8. For the unloading and reloading branches, they are

assumed to follow Clough's degradation rules [26].

8.7.2 Comparison of the Predicted and Experimental Results

Figures 8.9 and 8.10 illustrate the total response of the sub-

obtained from experimental and analyticalH-8 andassemblage, H -8
EQ '

work. Except for slightly overestimated maximum load resistances, the

predicted results are in good agreement with the experimental ones, par-

ticularly in terms of the energy dissipation which is represented by the

area enclosed by the curves.

Although there is relatively good agreement between prediction

and experiment in the H-o diagrams, the correlation in the M-8 dia-

grams is not that close (see Figs. 8.11 and 8.12). The rotations due to

the flexural deformations of the east and west beams, denoted 8
bE

and

together with the joint pull-out rotations, and are

plotted to show their relative contributions to total joint rotation.

It should be emphasized that the fact that the contribution of the joint

slippage is quite substantial indicates that a large error may result if

the joint slippage is not included in the prediction.

8.8 Conclusions and Summary

The results obtained in this chapter emphasize the following points:

1. For monotonically increasing loads, the prediction based on the

elasto-plastic model is fairly accurate. However, for the behavior of

the complete hysteretic loop at large displacements, the elasto-plastic
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hardening model yields considerably higher energy dissipation than the

actual one. This suggests that the elasto-plastic hardening model is

unsuitable for predicting behavior of Ric members under seismic excita­

tion when full or partial reversal of lateral displacement is likely to

occur.

2. The prediction using Clough's degradation model agrees well

with experimental results.

3. Joint pull-out substantially influences subassemblage response

during monotonic loading. For cyclic loading, this influence is even

greater. Therefore, if an accurate prediction is to be made for a beam­

column subassemblage, it must take the joint pull-out into account.
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Table 2.1 Compressive Strength of Concrete

Compressive Initial Modulus of
Elasticity Ec

Age Strength

Specimen f' E E * E **(Days) c c c c
psi psi w1.5/f' w1.51f'

(MPa) (MPa) c c

BC3
4510 4.07 x 106

33.0 35.04(31.11) (2.81x 10 )

Bc4 18 4570 3.93 x 106
31. 6 33.8

(31. 52) (2.71 x 104)

BC4E 30 4970 3.90x 106
30.1 33.6

(34.28) (2.69 x 104)

* f' from test
** cf' = 4000 psi (27.6 MPa), original design concrete strength at 14 days

c

Table 2.2 Tensile Strength of Concrete

Splitting Tensile Test Modulus of Rupture, f t
Age f t

Specimen
psi psi(Days) f /If'* ** f /If' f /If'MPa f /If' BPa

(kL"1/ cm2)
t c t c

(kN/cm2)
t c t c

BC3

BC4 18 450 6.66 7.12 678 10 10.7
(3.10) (4.68)

BC4E 30
442

6.25 6.99
(3.05)

*
**

See above definition.

See above definition.
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Table 2.3 Physical Properties of Cured Adhesive

Cure Time Ultimate Modulus of

Type of at 77°F
Strength Elasticity

Testing (25°C) psi psi Elongation

Days (MPa) (MPa)

Tension 7 6900 0.003
(47.59)

Flexure 1 9900 2.9 x 105
= 0.074 Ec

3(68.28) (2.0 x lO)

" 3
10,700 4.0 x 105

= 0.10 Ec
(73.80) (2.76 x 103)

II 7
11,450 4.1 x 105

= 0.10 E

(2.83 X I03)
c

(78.97)

9850 5
Compression 1 2.9 x 10 = 0.074 E

(2.0 x l03)
c

(67.94)
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Table 4.1 Elastic and Pull-out Stiffnesses of
Beams, Specimen BC4

A. East Beam Properties

Measured Beam
Measured***

Stiffness Pull-out

k . 2
Stiffness

- l.n
k - in

L 2p (kN - m )
(kN - m)

* **
~l - <PEl ~Z- <PEZ ~-epE

63.3 x 105 5
13.2x 10561. 6 x 10

6RB-9 4 4 (1. 49 x 105)(1. 82 x 10 ) (1. 77 x 10 )

5 5 552.9 x 10 51.1 x 10 5.83 x 10
9-12

(1. 52 x 104) 4 5(1.47 x lO) (.659 x 10 )

*** See Fig. 4.12.
*** See Fig. 4.14.

See Fig. 4.10.

B. West Beam Properties

Measured Beam
Measured***

Stiffness Pull-out

k . 2
Stiffness

- l.n k - in
L 2

P (kN - m ) 2
(kN- m )

* **
~l - ¢WI ~z - <PWZ ~-e PW

5 5 r:;

47.3 x 10 47.3 x 10 8.85 X 10""
6RB-9

(1. 36 x 104) (1.36 x 104) (1. 00 x 105)

41.3 x 105 5 5.22 x 10534.0 x 10
9-12

(1.19 x 104) (0.976 x 104) (0.590 x 105)

*** See Fig. 4.13.
*** See Fig. 4.15.

See Fig. 4.11.
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Table 4.2 Elastic Member Stiffnesses, Specimen BC4

Member Stiffness

k - in Stiffness

(kN - m) Ratio

Member LP b
(pull-out) (pull-out)

-
a

Joint Flexibility Joint Flexibility
Included Neglected

(a) (b)

5 2.61 x 1053.24 x 10
6RB-9 . 4

(2.95 x l04) 0.81
East 0.66 x 10 )

Beam 2.58 x 105 1. 79 x 105

9-12 (2.92 x 104) 4 0.69(2.02 x 10 )

5 53.08x10 2.28 x 10
6RB-9 4 4 0.74

West (3.48 x 10 ) (2.58 x 10 )

Beam
1. 87 x 105) 1. 38 x 105

9-12 (2.11 x 104) (1. 56 x 104) 0.74
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Table 4.3 Experimental and Predicted Yield Moment, BC4

** *Experimental Predicted ~ from
Critical Diagram My K-in My K-in ACI K-in Experimental My

Region
Predicted My(kN-m) (kN-m) (kN-m)

~1 - epEl
1470 1570 1550 .94

(166.1) (177.4) (175.2)
First

~1 - epW1
892 880 910 1.01

(100.8) (99.5) (102.9)

~2 - epE2
1270 1570 1550 .81

(143.5) (177.4) (175.2)
Second

~2 - epW2
800 880 910

.91
(90.4) (99.5) (102.9)

*** See detail in Appendix A.
From Figs. 4.12-4.15.

Table 4.4 Reloaded Yield Moments, BC4

** *Experimental Predicted
Critical Diagram My K-in My K-in

Experimental My
Region

Predicted My(kN-m) (kN-m)

~1- </lE1
755 880 .86

(85.3) (99.5)
First

~1 - epW1
1320 1570 .84

(149.2) (177.4)

~2 - 4>E2
684 880 .78

(77.3) (99.5)
Second

~2 - epW2
1160 1570 .74

(131.1) (177.4)

*** See detail in Appendix A.
See Figs. 4.12-4.15.
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Table 4.5 Strain Hardening Flexural Stiffnesses After
First Yielding Specimen BC4

Average Strain **
* Hardening Stiff % of Average

Diagram . 2 Elastic Cracked
K-ln Stiff

2(kN-m )

~l - <PEl
1.48 x 105

2.542(4.25 x 10 )

5

~l - <PWl
.662 x 10

1.492(1. 90 x 10 )

~2 - <PE2
1. 34 x 105

2.382(3.86 x 10)

J~2 - <PW2
.614 x 105

1.512(1. 76 x 10 )

*** See Figs. 4.12-4.15.
Average Elastic Cracked Stiffnesses from Tables 4.la and b.

Table 4.6 Strain Hardening Flexural Stiffnesses After
Second Yielding Specimen BC4

Average Strain Average Elastic
*** Hardening Stiff Cracked Stiff % of AverageDiagram . 2 2 Cracked StiffK-1.n K-in

2 (kN-m)(kN-m )
._-_.-

5 58.1 x 105
~l - <PEl

.951 x 10
1. 642 4(2.73 x 10 ) (1.67 x lO)

~l- <PWl
1.44 x 105 44.3 x 105

3.25
(4.13 x l02) (1. 27 x 104)

~2 - <PE2
.854 x 105 56.3 x 105

1.522 (1. 62 x 104)(2.45 x 10 )

~2- <PW2
1.34 x 105 40.6 x 105

3.302 4(3.85 x 10 ) (1. 17 x 10 )
-

*** From Table 4.1a.
From Table 4.lb.
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Table 5.1 Comparison of Average Initial Elastic Stiffnesses
Before and After Repair

--
Pull-out and Pull-out and

Push-in Push-in Stiffness Stiffness
Stiffness of Stiffness of of of

Specimen ~ -6pE ~-6pw ~1 - <PEl ~1 - 4>W1
K-in K-in K-in2 K-in2

(kN-m) (kN-m) (kN-m2) (kN-m2)

16.8 x 105 5 72.5 x 10516.4 x 10
BC4 5 5 (2.08x 104)

Not Available
(1. 90 x 10 ) (1.86 x 10 )

5 7.91 x 105 62.2 x 105 52.2 x 1059.83 x 10
BC4E

(1.11 x 105 (0.894 x 105) (1. 79 x 104) (1. 50 x 104)
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Table 5.2 Energy Dissipation Capacity for BC4E

Displacement
Loop Energy

% of the Energy Dissip.
% of*in, (em) No. K-in First Loop of Ideal Loop

Ideal Loop

(kN-m) K-in, (kN-m)

1 30.5 100 i 50(3.45)

± .97
12.0 60.4

(2.46) 2 (1.36) 39.2 (6.83) 20

3 13.4
44.0 1 22(1. 51)

1 37.5 100 i 28(4.24)

± 1.32
29.9 135

(3.35) 2 (3.38) 79.7 (15.3) 22

3 22.4
59.7 1 17(2.53)

-.

1 59.5
100 i 25(6.72)

± 1. 99
37.9 238

(5.05) 2 (4.28) 63.8 (26.9) 16

I 28.1 47.2 1 12

~
3 (3.17)
--

I 1 59.2 100 i 20(6.69)

± 2.32
37.9 289

(5.89)
2

(4.28) 64.1
(32.7) 13

3 28.1
47.4 1 10(3.17)

--

I
63.3 100 i 16(7.15)

± 3.00
49.5 I 394

2 13(7.62) cs.S9i 78.3 (44.5)

3 46.4 73 4 1 12(5.24) .
----

* See Eq. F.3 and F.4.
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Table A.l Flexural Bending Properties of the
Beam Section from Theory

Bending Direction of Numerical
Properties Bending Value

6 215.3 x 10 K-in

Uncracked Weak
(4.39 x 104 kN-m2)Section

M-<jJ 15.3 x 106 K-in2
Stiffness Strong 4 2

(4.39 x 10 kN-m)

3.9; x 106 K-in2
-

Average Cracked Weak 4 2
Section (1.12 x 10 kN-m)

M-<jJ 5.78 x 106 K-in2
Stiffness Strong 4 2

(1. 66 x 10 kN-m)

204 K-in
Weak

Cracked (23 kN-m)
Section
Moments 212 K-in

Strong
(24 kN-m)

880 K-in

Weak (9.9 k.i.~-m)First Yield
Moments 1570 K-in

Strong
(177.4 kN-m)
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Fig. 2.6 Formwork and Reinforcement

Fig. 2.7 Beam End Detail

Fig. 2.8 Column End Detail
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Fig. 3.1 Specimen Mounted in Testing Frame
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(a) West Beam

(b) East Beam

Fig. 3.6 Instrumentation Measuring Shear and Flexural Deformations
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(a) BC4 After Sealing of Cracks

(b) Spa11ed Concrete Corner After Patching

Fig. 3.10 Epoxy Repair of Specimen BC4
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Fig. 4.3 Deformed Shape of Subassemblage Bc4 at LP 23
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APPENDIX A

This appendix contains calculations of the flexural bending pro-

perties of the beams in subassemb1age BC4. This includes:

1) Uncracked section stiffnesses

2) Cracking moments

3) Moment curvature diagrams.

For brevity, the flexural bending properties of sections which have

four 116 bars in tension will be called "strong direction tl properties.

Those with three tl5 bars in tension will be called t1weak directiontl pro-

perties (see Fig. A.1a and A.1b).

A.1 Uncracked Section Stiffness

The modulus of elasticity of the concrete at 18 days, E ,
c

from

Fig. 2.4 is E = 4.10x 106 psi
c

The modulus of elasticity of the steel reinforcement, E ,
s

is taken

from Fig. A.2.
E

s
= 28.8 x 103 ksi

Es
n = - =

Ec

28.8 x 103

4.10 x 103 = 7.02

The transformed-section concrete area 16x9 + 10.6 + 5.5

= 160 in
2

(see Fig. A1)

=5.5x1.31 + 10.6x14 + 144x8 =
x 160 8.17 in.

I = 5.5(8.17- 1.31)2 + 10.6(5.83)2 + 9X163/12 + 9X16xO.172
= 3700 in. 4

x
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= M/~ =The uncracked section stiffness, CE1) ,uncr 1 E
x c

= 3700 x 4.10 x 103

CE1) uncr

A.2 Cracking Moments, M
cr

152 x 105 k-in. 2

A.2.1 Weak-Direction Cracking Moment

The maximum tensile strength of the concrete as determined from

splitting tensile tests is 450 psi (see Table 3-11).

M
crw

(J!
x--=

c
0.45 x 3700

8.17

= 204 k-in.

A.2.2 Strong Direction Cracking Moment

Mcrs
0.450 x 3700

7.83 213 k-in.

Since the two cracking moments are nearly equal. the value of

Mcr in all further calculations is taken as the average of the Mcrw

and Mcrs M = 208 k-in.
cr

A.3 Moment-Curvature Diagrams for the Beam Sections

To model moment-curvature diagrams for the Bc4 beams some assump-

tions concerning the behavior of reinforced concrete under flexural loads

were made. Two assumptions: that plane sections remain plane under

bending; and that the tensile strength of the concrete is zero, are gen-

erally accepted approximations. Other assumptions made are that the

characteristic concrete stress-strain curve, including the prolonged

descending branch. is that of the l8-day curve shown in Fig. 2.4, and
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the characteristic steel stress-strain curve is the tri-linear approxi­

mation shown in Fig. A.2.

Figure A.3 illustrates the M-o/ relation in the elastic range

while Fig. A.4 shows the yielding as well as post yield range for weak

and strong directions of bending.

Table A.l gives some of the numerical values of the important flex­

ural bending properties for the beam section.
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APPENDIX B

Calculations for modifying the elastic range BC4 member stiffness by

including the flexibilit¥~~he joints.

Calculations are the same for both the east beam and pull-out east

as for the west beam and pull-out west. Only the flexural stiffness of

the beam and rotation of the joint are considered since the influence of

shear deformation in the beam is small and can be neglected. Except for

regions up to 17 in. from the column faces (the critical regions whose

stiffnesses are listed in Table 4.1) the stiffnesses of the rest of the

beam as described in Appendix A are:

cracking moment = 208 k-in.

cracked section stiffness of the weak side = 39.2 x 105 k-in
2

cracked section stiffness of the strong side = 57.8 x 105 k-in2

uncracked section stiffness 152 x 105 k-in2

The bending moment diagram shown in Fig. B.l is constructed by

using the average beam end .reaction between LP 9 - LP 12, VE = 17.2 kip.

From the curvature stiffnesses mentioned above, the curvature variation

along the beam is established, and the fixed-end rotation is determined

by integrating the curvature over the length of the beam.
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Rotation including pull-out

e
E:

1090 -4 9 59 1 70 10-4 8 50.5
~1.92xlO x x 63 . 5 +. x x x 63 . 5

5.83 x 10
5

-4 -5 2(1.38 x 10 - 3.60 x 10 ) (34.4) (12.1+ 3 (34.4))
+ --------2:--:"(--:""63=-.--=5:7"")----=----- +

3.60x 10-5(34.4)(12.l+t (34.4)) 1.36x 10-5(12.l)2(~)
+ + ---------=-

63.5 2 (63.5)

= 1.87x 10-3 + 1.6lx 10-3 + 1.08 x 10-3 + 9.68x 10-4

+ 5.71 x 10-4 + 1.05 x 10-5

-3
= 6.l1.x 10 rad

~=
1090 5

-3 = 1. 78 x 10 k-in.
6.11xlO

Rotation excluding pull-out

e = 1.6lx 10-3 + 1.08x 1.0-3 + 9.68x 10-4 + 5.71x 10-4 + 1.05x 10-5
E

-34.24 x 10

1090 5--==....::....:=--- = 2.57 x 10 k-in.
4.24 10-3

and
K

E
including pull-out

~ excluding pull-out
= 0.69 .
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APPENDIX C

WORKING LOAD BENDING MOMENT AND DIAGONAL

TENSION CRACKING ~OAD FOR BC4 BEAMS

C.1 Allowable Bending Moment

The allowable working stresses are: (see UBC 2610-2611)

for concrete in compression:

for deformed rebars (f = 60 ksi):
y

f = 0.45 f'
c c

f 0.40 f
s y

Weak direction: The allowable steel stress governs~ hence

M = f Ajd+ C' (k3d - d'\
ass s !

where C' = force in compression steels

and

1

k = [n2(p,+p)2 + 2n(p+P~d')J2 - n(p+p')

MAW = 293 k-in.

Strong direction: Similar to the weak direction, the steel stress

governs and the moment at working stress level is

MAS = 534 k-in.

C.2 Diagonal Tension Cracking Load

The beams are assumed to exhibit diagonal tension cracks when the

nominal shear stress v reaches the value
c

V d
vc = 1. 9~ + 2500 p ;

u
(ACI-1971, EQN. 11-4)
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Based on this value for v the predicted shears at cracking are
c

weak direction:

strong direction:

v = 17.7 k
c

v = 17.4 k
c
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APPENDIX D

PROPERTIES OF THE COLUMN

D.1 Axial Load Causing Yielding in the Column, P
y

P = (A - A ) f' + A f
max g s c sy

The column section shown in Fig. D.1 has a P = 1510 k

P 470P = 1510 = 0.31
y

D.2 Uncracked Section Stiffness and Cracking Moment

Following the same procedures used in A.1 and recognizing the

effects of the axial load P = 470 kip leads

M = 2260 k-in., andcr

an uncracked section stiffness

Kuncr

D.3 Moment Curvature Diagram

= 48.8 x 106 k_in2

Following the computational procedures outlined in A.3 and recog-

nizing the effects of 470 k axial load, the M-~ diagram constructed is

shown in Fig. D.1.

D.4 Column Interaction Curve

Figure D.2 shows the column interaction curve.
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APPENDIX E

DESIGN OF THE SUBASSEMBLAGES

The prototype subassemblages are models of a third story beam-

column joint of a 20-story Ric ductile moment resisting frame, shown in

Fig. 2.1. The ultimate subassemblage design moments and its beam and

column reinforcement are taken from Ref. [11] and are shown in Figs. E.la

to E.lc. Calculations of the ultimate moment capacities in this appendix

are based on the design material properties of

f = 60 ksi.
y

E.l Beam Section

f' = 4000 psi and
c

The amount of longitudinal reinforcement in the prototype near the

column faces consists of

Bottom Reinforcement 2#8 + 2#9 for A = 3.58 in2 ,
s

and Top Reinforcement 2#11 + 3#10 for A = 1.93 in
2

•
s

For a half scale model, the required bottom reinforcement

A
s

3.
4
58 = 0.90 in2

(provided 3/15 A = 0.92)
s

and the required top reinforcement

A
s

(provided 4/15 A = 1. 77).
s

f d f . 0.92 0 52The ratio 0 provi ed bottom rein orcement to top ~s 1.77 =. .

The beam sections of the prototype and the model are shown in

Fig. E.lb and Fig. A.la, respectively.



- 167 -

E.2 Design Beam Shear Capacity (Prototype)

From Ref. [11], the simple span shear force at the column face is

due to:
Concrete dead load + Girder dead load

Reduced live load

23.9 k

7.8 k

31.7 k

v ==
u

M A+ M B
u u

L + 1.4 VD+L

where M A and M B are the ultimate moment capacities of the beams,
u u

for bending in the strong and weak directions, see Fig. E.la, and L

equals the span length.

From Ref. [11], we have

Therefore

MA
u

750 k-ft, M B = 450 k-ft
u

v
u

1200
21.17 + 1.4(31.7) = 101 k

v
u

v
u-=

bd
101 x 1000

l8x 28 200 psi

while v = 2</>1f' = 2 x 0.85 x 14000 = 108 psi,
c c

d ~ 28"

and v
c

v bd
c

108 x 18 x 28- -
10

3 54.4 k

v' = V
u u

v = 101 - 54.4 = 46.6 k
c

The maximum allowable stirrup spacing, s, according to the UBC and ACI

codes, is determined as follows.

d/2 is tried (UBC 26l7-g).

Since v < 61fT, a maximum spacing of
c c
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d _"2 - 14 in.

However,

(UBC 26l7-d)
<pf d

S - ~ Av m1"n =- V' ,
u

0.85 x 60 x 28 x .40
46.6

12.3 in.. '

(UBC 26l7-g) AV,min = .0015 bs

or
0.4s = -----=-

.0015 x18 14.8 in.

(ACI EQ. 11-1) AV,min
50 bs

f
y

=
50 x 18 x 14.8

60 x 103 = 0.22 in
2

< 0.4 in
2

However, for seismic loading the maximum spacing of stirrup ties

should be less than:

(UBC 2630-c) d
s = 4

28
s =~ = 7 in. < 12 in.

s = 16 db = 8 in. > 7 in.

(ACI A.5.9) Avd--=
s l

A'

0.15 A: or s
.40 x 28

.15x6.93 10.8 in. < *
Use 7 in. spacing between stirrups with the first stirrup at

2 in. from the column face. Eight stirrups are provided at each end of

the beams to cover a region larger than 2d (UBC 2630-c).

E.3 Beam Shear Reinforcement (M?del)

For the half scale model, 8#2 closed tie stirrups were placed

~ in. = 3.5 in. apart with the first stirrup at 1 in. from the column face.

In addition, #2 hair pin stirrups tie the reinforcing bars not tied by

the closed stirrups. (See Fig. 2.3b.) This additional transverse rein-

forcement is placed in an attempt to prevent the development of local

buckling in rebars observed in previous cantilever tests, Ref. [llJ.
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E.4 Column Size and Column Reinforcement

The 34 in. x 34 in. prototype column section with 4/114 + 8/111 bars

(A = 21. 5 in2) as longitudinal reinforcement is used in the second and
s

third stories of the building, see Fig. E.1c. For the half scale model,

a 17 in. 17 in. column section with 12116 bars (A = 5.28 in2) is used,
s

as shown in Fig. 2.3.

E.5 Column Shear Reinforcement (Prototype)

Since the ultimate strength of the column section is larger than

that of the beam section (strong column-weak girder design),

T B 1 .
M =M >--K

u u 2 b

where M T
u

and M B are the moment capacities of the columns above and
u

below the third floor and Mb is the sum of the moment capacities of

the two beams framing into the column. (See Fig. E.la.)

1170 + 600
9.33 = 190 k

Pd 2740
Agf~ = (34)2 4 =

0.59 > .12

where P
d

is the maximum design axial load in the column.

(UBC 2617-b) V
c

= .(1.9~ + 2500 P:~d)

but

does not apply because by inspection M' is negative.

(ACT 11-6) v = 2<j>1f' (1+ .0005N fA )
c c u g
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u
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as the minimum axial load in the column, N

is estimated as N ~ Nu/1.4 = ~.~O = 1960k. Then

v = 2<jl1fT (1 + .0005 x 1960 x 10
3
\ =3. 7<jl

c c \: (34) 2 /

But the maximum allowable stress is

If'
c

(ACI 11-7, UBC 2617-b) v cmax
3.5<jl If' (1+ .002 N/A )

c g

= 7. 3<jl If' > 3.7 <jl If'
c c

Therefore v = 3.7<jl 1fT = 3.7 x .85 14000 = 199 psi
c c

For b=34 in., d = 31 in.

v
c

=
199 x 34 x 31

103
= 210k

> V
u

Thus the minimum spacing requirement of the stirrups governs and

s = 15.5 in.

E.6 Design of the Transverse Reinforcement for Confinement Requirements

f' (A )(UBC 2630-4) A" = 0.45 ah" fy~" 1\ - 1sh

f' (( Y- 1)0.45 II c 34= ah fyh" 31

f' f'
.091 ah" c 0.12 ah" c

= f h" < f h"
Y Y

f'
A" 0.12 ah" c

= f hI!sh
Y
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The prototype uses #4 bars for the column stirrups as shown in Fig. E.2,

where we have h = 31 in. and A" = 4 x 0.2 = 0.8 in2
.

sh

0.8 x 60
a = ""'0-.-c-l -=-2-='x---=-3-:'-1'='x-4-:- "" 3. 2 in. < 15. 5 in. (for shear)

The model uses #2 rebar with 3;2 "" 1.6 in. (see Fig. 2.3c).

E.7 Column Joint Reinforcement

When plastic hinges form in the girders, we have

V
col

600 + 600
9.33 129k

The maximum shear in the joint, see Fig. E.3, is

"" 6.93 x 60 + 3.58 x 60 - 129 502 k

From section E.5, v = 210 k
c

A
v

df - = V
s s u

V
s

s =
fdA

s v
v - vu c

60 x 31 A =
502 - 210 v

6.37 A
v

Using the stirrups as shown in Fig. E.2 as joint shear reinforcement,

then
S = 6.37 x .8 = 5.10 in.

And the number of stirrups needed is
26

---- - 5.10 or 6,5.10 - where 26 in. is

the distance between the top and bottom longitudinal reinforcement in

the girder. The prototype uses six stirrups at 266 = 4.33 in. apart.

The model uses #2 stirrups spaced at 4233 = 2.2 in. spacing.
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APPENDIX F

SUBASSEMBLAGE HYSTERETIC LOOPS CALCULATED

USING AN ELASTO-PLASTIC MODEL

Calculation of idealized hysteretic loops provides the means by

which the subassemblage energy dissipation can be approximated

analytically. This calculated energy dissipation serves as a basis for

comparison with the actual energy dissipation measured in tests BC4 and

BC4E.

The elasto-plastic loop shown in Fig. F.l is a function of two

parameters: the elastic stiffness, k, and the yielding load, (HEQ)y.

The subassemblage yielding load is assumed to develop under an (~Q)Y

such that both theoretical beam yielding capacities are reached (see

Table A.1). From Fig. F.3 it can be seen that

= 880+ 1570
63.5 = 38.6 k

where

and

MYw = the yield moment in the weak direction

MyE = the yield moment in the strong direction.

To determine the elastic stiffness of a subassemblage, the fo1low-

ing assumptions are made:

1) The effects of joint slippage, shear deformation in the beams,

and shear deformation in the connection are negligible.

2) The beam sections are cracked.
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Having made the assumptions above the rotational stiffness offered by

the beams, as shown in Fig. F.2, is

M 3(EI)E 3(EI)W
-6 == ---:--~ + ---::-:---=-'-

63.5 63.5
(F.l)

where (EI)E and (EI)w represent the theoretical cracked sectional

stiffnesses of the east and west beams taken from Table A.l. From

Fig. F.3, it can be seen that

M == 72 ~Q' b.
r

e x 72 (F.2)

Substituting M, and 6 and the section stiffnesses into Eq. F.l

leads to
HEQ

72 b. /72
r

3 x 39.2 x 105 3 x 57.8 x 105
63.5 + 63.5 == 4.58 x 10

5

-2
1.13 x 10 ~Q

The deflection contributed by the column flexural deformation is

(F.2)

b. ==col

3
H

EQ
(28)

3(EI) 1co

3
H

EQ
(28)

3 x 488 x 105

== 1.50 x 10-
4 ~Q (F.3)

where (El) 1 == flexural sectional stiffness of the column (see Fig. E.lb).
co

The total deflection

b., as
r

can be expressed as a function of

b. == 2 b. 1 + b.co r

1.16 x 10-
2 ~Q

f:... and
col
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H
EQ
~ = k = 86.2 k/in.

At a given displacement level ~ (see Fig. F.l), the energy dissi-

pation is represented by the area enclosed either by the loop OBCDEF,

for a subassemblage loaded to first yielding, or by the loop FHCDEF for

any cycles after the first yield cycle. For loop OBCDEF, the energy

dissipated is

While for loop FHCDEF,

u = 3 (, - (~)Y) ("EQ)Y

1l5.74(~- .448) k-in.

u * 4 (, - (H~)y) ("EQ)Y

= l54.32(~- .448) k-in.

(F.4)

(F.5)
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