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ABSTRACT

Reinforced concrete (RC) buildings that were built in the 1960s behave in a nonductile manner

and do not meet current seismic design criteria.  In this report, beam-column joints of such

nonductile buildings are investigated using several performance-based criteria.  Four half-scale

RC exterior joints were tested to investigate their behavior in a shear-critical mode.  The joints

were subjected to quasi-static cyclic loading, and their performance was examined in terms of

lateral load capacity, drift, axial load reduction in the column at high levels of drift, joint shear

strength, ductility, shear angle, residual strength, and other PEER established performance

criteria.  Two levels of axial compression load in the columns were investigated, and their

influence on the performance of the joint are discussed.
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1 Introduction

Reinforced concrete buildings that were built in the 1960s have limited ductility and several

deficiencies that prevent them from meeting current seismic design criteria.  In this research,

exterior beam-column joints of plane multistory frames are investigated using several

performance-based criteria.  The effect of the axial compression load in the column, on the joint

performance at high levels of drift is investigated.

1.1 LITERATURE REVIEW

Research on the seismic performance of RC building joints has been carried out in the last four

decades.  The majority of this research has emphasized the improvement of the performance of

these joints through new design concepts and improved details such as joint hoops.  The

emphasis of the present research is the evaluation of the seismic performance of existing non-

ductile buildings, which is the focus of current PEER efforts.

Townsend and Hanson performed research on 22 reinforced concrete beam-column T-

shaped connections.  These specimens were tested under column axial tension (0.25f'cAg),

column axial compression (0.15f'cAg), and no column load.  It was shown that increased column

tension causes the moment capacity to decrease more rapidly, representing a faster rate of

concrete deterioration than the specimens with no column load or column compressive load

(Townsend 1977).

The effect of column axial load was investigated in an analytical study of 57 exterior

beam-column joint tests.  The relationship between the maximum joint shear stress factor and the

nominal column axial stress (normalized by f'c) was sought with respect to hinging and shear

failures.  For the limited amount of available experimental data, no discernable correlation was

established between the two variables.  It was concluded that deformability, rather than strength,

would be affected by axial load.  In the same study, a finite element model was developed to

study the effect of several parameters on the shear behavior of interior and exterior joints.  The
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calculated field pattern of principal compressive stresses agrees with the damage observed in the

present tests even though no steel hoops were used in the present joints (Pantazopoulou 1994).

Limited experimental evidence suggests that increasing column axial load tends to reduce

the total lateral drift at yield (Kurose 1987).  Beres et al. (1992) reported on the shear strength of

joints without reinforcement.  Although some researchers report that increased column axial load

results in increased shear strength, the data do not show a significant trend.

In a study of New Zealand and American concrete structural design codes, Park states

that the shear strength of beam-column joints in the New Zealand Standard NZS 3101 (1995) is

based on the contribution of two mechanisms.  The first mechanism is a diagonal compression

concrete strut that transfers the compression forces from the beam and column actions without

the aid of shear reinforcement.  The second mechanism is a stress mechanism that transfers bond

forces from the longitudinal bars utilizing horizontal and vertical joint shear reinforcement and

concrete struts.  It is clear that the NZS 3101 regards the transverse reinforcement in beam-

column joints as being placed mainly to resist joint shear.  By contrast, the American Concrete

Institute ACI 318-95 Code regards the reinforcement in beam-column joints more as confining

reinforcement governed by the quantity placed in the adjacent ends of the columns (Park 1997).

Park’s study also states that the 1995 version of the New Zealand Standard recognizes

that part of the bond forces from the longitudinal beam bars passing through the joint core will

be transferred by the diagonal compression strut mechanism.  Because of bond deterioration,

some bar forces are being transferred directly to the end of the diagonal compression strut.  It is

accepted that the single diagonal compression strut can transfer a more significant part of the

joint shear.  Consequently, the quantity of shear reinforcement required in the joint core is

significantly lower in the NZS 3101 (1995) than that required by the earlier NZS 3101 (1982).

This study also states that bond deterioration was observed only at higher axial load

corresponding to 0.25f'cAg (Park 1997).

The behavior of two exterior reinforced concrete beam-column joins with low axial

column load has been investigated by Megget (1974).  The variable parameter was the addition

of transverse beam stubs to the joint specimen.  The column length was the distance between the

points of contraflexure.  The length of the beam was chosen so that when the negative yield

moment was reached at the column face, the specimen’s beam shear at that position would be

approximately equal to the actual structure’s shear when negative yielding in the beam occurred.

The diagonal cracks in the joint formed from one corner to the diagonally opposite corner.  At
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3% drift, joint diagonal cracks as large as 5 mm were observed.  The nominal shear stress at the

first cracking was between 0.15f'c and 0.17f'c.  It was felt that the presence of the transverse beam

reinforcing had little effect in confining the joint region.  The presence of the transverse beams

greatly contributed to the confinement of the joint core concrete, however, thus allowing a

ductile plastic hinge to form entirely in the beam rather than in the joint region.  However, it is

uncertain whether this benefit will still exist in the actual case where the transverse beams will

have cracked along their beam-column junctions during a non-unidirectional earthquake.

Of the eight specimens tested in another investigation (Uzumeri 1977), three exterior

reinforced concrete beam-column joints were tested under constant axial compressive load equal

to 0.42f'cAg.  The presence of this axial load is of help at the early stages of loading.  However, at

the latter stages when the concrete core acts as a series of struts, it is postulated that the large

axial load may be detrimental rather than helpful.  The three specimens were not reinforced in

the joint area.  Two of the specimens contained a transverse stub beam on one side of the

column, whereas the third specimen had no transverse beams.  Load reversals after bond loss

caused large deformations in the concrete, which resulted in splitting along column bars and

anchorage failure of the beam steel.  In all three cases, the beam remained intact while the joint

rapidly deteriorated with increasing imposed displacements.  The joints without transverse

reinforcement were able to provide anchorage for the beam steel to the extent that between 92%

and 98% of the theoretical ultimate moment capacity of the beams was reached.  The joint was

unable, however, to sustain the anchorage of the beam steel in cycles subsequent to this load

level.

An experimental study of three exterior beam-column joints indicates that the horizontal

joint shear reinforcement may be reduced considerably (Paulay and Scarpas 1981).  However,

the vertical shear reinforcement (i.e., intermediate column bars) was the same in all units.  The

effect of the axial load was studied in one of the units when it was reduced from 0.15f'cAg to

0.075f'cAg; this resulted in a dramatic reduction of the stiffness, strength, and energy dissipation

of the specimen in the later loading cycle.

In an experimental study of 14 exterior beam-column joints, it was found that axial load

changes during seismic loading produces significant deterioration in the joint resistance (Tsonos

1995).  High horizontal and/or vertical joint shear stresses exceeding 12√f'c (psi) or 1√f'c (MPa)

resulted in significant deterioration in the beam-column joint load-carrying capacity.  It was

found that the P-∆ effect could be ignored in detailing exterior beam-column connections.
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Pantazapoulou and Bonacci investigated the mechanics of beam-column joints in laterally

loaded frames (1992).  The formulation establishes compatibility of strain and stress equilibrium.

It is shown that the shear strength of a joint depends on the usable compressive strength of

concrete.  It is also concluded that joint shear strength could decrease with increasing column

axial force.  It was found that, in addition to bond failure, joint capacity could be limited by

crushing along the principal diagonal or by yielding of vertical reinforcement after hoop yield.

Six, three-quarter scale exterior beam-to-column connection subassemblies were tested

under simulated earthquake loads by Durrani and Zerbe (1987).  Four of the specimens contained

a slab and transverse beams, one contained transverse beams but no slab, and one had neither

transverse beams nor a slab.  It was found that the presence of a slab in exterior beam-to-column

connections increased the negative flexural capacity of beams by as much as 70%.  By ignoring

the contribution of the slab, the flexural strength of beams is substantially underestimated.  The

transverse beams were effective in confining the joint before experiencing torsional cracks.

Once the transverse beams reached their torsional cracking strength, their ability to confine the

joint diminished.  In situations where the cracking of transverse beams is expected, they may not

be relied upon for confining the joint.

Ehsani and Wight presented the results of six exterior reinforced concrete beam-column

subassemblages that were tested in cyclic loading (1985).  It was determined that in order to

avoid formation of plastic hinges in the joint the flexural strength ratio should be no less than

1.4.  The maximum joint shear stress in exterior connections should be limited to 12√f'c psi

(1.0√f'c MPa) to reduce excessive joint damage, column bar slippage, and beam bar pullout.  It

was found that in cases where the flexural strength ratio, the joint shear stress, or the anchorage

requirements are significantly more conservative than the limits of the recommendations, the

amount of joint transverse reinforcement could be safely reduced.

1.2 OBJECTIVE

Reinforced concrete frames can achieve ductile behavior provided that brittle failure of structural

elements and instability can be prevented in severe earthquakes.  The design and detailing of

beam-column joints is important in achieving satisfactory performance of reinforced concrete

frames.  The design should be able to (1) prevent brittle failure of the joint, (2) maintain integrity

of the joint so that the ultimate strength of the connecting beams and columns can be developed
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and the axial load-carrying capacity of the column can be sustained, and (3) reduce joint stiffness

degradation by minimizing cracking of the joint concrete and preventing loss of bond between

the concrete and longitudinal beam and column reinforcement.  Joints in existing structures built

before the development of current design guidelines such as ACI 352R-91 (1991) do not

conform to the current requirements (ACI SP-123 1991).  The research described targets the

performance of exterior joints in existing nonductile RC frame structures in order to establish

their adequacy in terms of performance-based criteria.  While all components of the specimen

performance were evaluated, the main focus of the study is shear in the joint region.  Another

objective of this research is to determine the effect of high drift on the axial load in the column.

A final objective is the evaluation of the influence of the column axial load on the shear strength

of the joint.

This report gives a detailed description of the simulated seismic tests performed on four

RC beam-column building joints.  Performance-based evaluation and suggested performance

levels for this type of joint are presented.  A comparison of the shear angle with established

performance-based guidelines for buildings found in the FEMA 273 Guidelines for the Seismic

Rehabilitation of Buildings (BSSC 1997) is discussed, as well as the shear strength coefficient

with respect to the FEMA 273 Guidelines and the ACI Code.
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2 Test Specimens

2.1 DESCRIPTION OF TEST SPECIMENS

A typical exterior beam-column joint in a reinforced concrete frame building built in 1964 was

chosen as a model for this project.  The overall dimensions of the original joint were reduced by

half, and reinforcing details were reduced based on shear stress calculations.  The longitudinal

reinforcement in the beam was increased to prevent early degradation of the beam, forcing a

shear mode of failure in the joint.  There is no transverse reinforcement within the joint core, and

the beam longitudinal bars are not adequately anchored in the connection.  In addition, the lap

splice length and confining reinforcement details are inadequate according to current criteria

(ACI 352, 1991).

2.2 MATERIAL PROPERTIES

2.2.1 Concrete

The original design of the specimens called for a concrete strength of 4000 psi (27.6 MPa).

However, due to resource restrictions higher strengths were achieved.  There was also some

variation in concrete strength between specimens.  The data resulting from the tests indicate that

these variations did not significantly affect the results of the tests.  Table 2.1 shows the concrete

compressive strength of each specimen.

Table 2.1  Concrete Strength of Specimens

Test No.
f'c

psi (MPa)
2 6700 (46.2)
4 5940 (41.0)
5 5370 (37.0)
6 5823 (40.1)
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2.2.2 Steel Reinforcement

Three sizes of deformed steel rebar were used for reinforcement in the specimens.  Number 7

and 9 bars were used as longitudinal reinforcement in the column and beam, respectively.

Stirrups in the beam and column ties were #3 bars.  The ultimate (Fu) and yield (Fy) strengths of

the reinforcement used in the tests are shown in Table 2.2 below.

Table 2.2  Steel Reinforcement Strength

Reinforcement Type Bar Size
Fu

ksi (MPa)
Fy

ksi (MPa)
beam longitudinal 9 108.2 (746.0) 65.9 (454.4)

column longitudinal 7 107.6 (741.9) 68.1 (469.5)
stirrups/ties 3 94.9 (654.3) 62.0 (427.5)

2.3 CONSTRUCTION OF TEST SPECIMENS

All four beam-column specimens had exactly the same dimensions and detailing.  The specimen

dimensions and reinforcement details are shown in Fig. 2.1.

Fig. 2.1  Specimen dimensions and reinforcement details
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The beam is 12 in. (30.5 cm) wide and 16 in. (40.6 cm) deep.  It is symmetrically

reinforced with 4-#9 bars for both the positive and negative reinforcement; the steel ratio is

2.47% at both top and bottom.  Each longitudinal bar has a 7.5 in. (19.1 cm) hook bent at 90°.

The bottom beam reinforcement is bent up into a hook at the joint, and the top reinforcement is

bent down into a hook at the joint.  The hooks overlap approximately 2 in. (5.1 cm) and are tied

together, one inside the other as shown in Fig. 2.1.  The transverse reinforcement is a #3 bar

closed stirrup with 140° bend and 2.5 in. (6.35 cm) extension on both ends as shown in Fig. 2.2.

The stirrups are spaced at 5 in. (12.7 cm) along the beam except within 8 in. (20.3 cm) of the

beam end, where the spacing is reduced by half to 2.5 in. (6.35 cm). The closer spacing is

intended to give adequate strength at the location where the force is applied during the test.

It should be noted that the original half-scale calculations required a reinforcement ratio

ρ=0.76% in the top and ρ=0.48% in the bottom.  The decision to increase the beam longitudinal

reinforcement was based on our objective to study joint shear failure at high drift levels and not

beam flexural degradation.  The 2.47% of longitudinal steel present in both the top and bottom of

the beam meant that the design joint core shear forces developed would be relatively high.

Fig. 2.2  Beam cross section

The column is 12 in. (30.5 cm) wide and 18 in. (45.7 cm) deep.  It is reinforced with 8-#7

bars evenly distributed around the perimeter of the column, thus having a steel ratio of 2.54%.
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The longitudinal reinforcement in the bottom column extends continuously up through the joint

and 21 in. (53.3 cm) into the top column, as shown in Fig. 2.1.  The top column longitudinal

reinforcement is spliced over the 21 in. (53.3 cm) length and extends to the upper end of the

column, or a distance 24db, which is insufficient by current standards.  The transverse

reinforcement in the column consists of #3 bar closed stirrups with 140° bends and 2.5 in. (6.35

cm) extensions on both ends; this is shown in Fig. 2.3.  The stirrups are spaced at 6 in. (15.2 cm)

along the height of the column, except within the joint region where there is no transverse

reinforcement.  The spacing is decreased to 3 in. (7.6 cm) at the upper and lower ends of the

column, where the column was supported during the test.

Fig. 2.3  Column cross section

The specimens were constructed and cast in place, one at a time, over a period of several

weeks.  Each reinforcement cage was securely tied together and placed upon metal chairs in the

wooden forms to hold it in place as the concrete was poured.  A high-frequency vibrator was
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3 Test Setup

3.1 INSTRUMENTATION

3.1.1 Strain Gages

Strain gages were placed on both the longitudinal and transverse reinforcement at selected

locations within the concrete beam-column joints.  The gages were attached and wired to the

steel cage and precautions were taken to protect them while the concrete was poured.  The

locations of the strain gages were determined based on where yielding and hinging was expected

to occur in the specimen during testing.  Four gages were placed on longitudinal beam

reinforcement at the face of the joint.  Four gages were placed on longitudinal column

reinforcement at both the top and bottom faces of the joint.  Several gages were also attached at

the end of the lap splice and on two stirrups in the lap splice region, as shown in Fig. 3.1.

BACK OF COL. FRONT OF COL.
Fig. 3.1  Strain gage locations
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3.1.2 LVDT

A configuration of 11 linear variable differential transducers (LVDTs) was mounted

unobtrusively on the column at the face of the joint and in the lap splice region to measure

movement in these areas.  The data from these LVDTs, shown in Fig. 3.2, were used to calculate

shear strain.

Fig. 3.2  LVDT configuration

3.1.3 Displacement Transducers

Displacement transducers were attached to each specimen to measure curvature in the beam,

rotation in the joint, deflection at the end of the beam, and rigid body movement of the specimen,

as shown in Fig. 3.3.

Fig. 3.3  Displacement transducer locations
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3.2 LOADING APPARATUS

A schematic of the loading apparatus is shown in Fig. 3.4.  The column was mounted

horizontally with pinned supports at both ends.  The axial load was applied using a small

hydraulic cylinder and transferred to the column through four threaded rods.  These rods were

instrumented with strain gages that allowed measurement of the axial load.  The lateral load was

applied at the end of the beam through a loading collar, as shown below.  A load cell situated

between the hydraulic actuator and the loading collar measured the quasi-static cyclic load

applied to the beam.  The actuator was pinned at the end to allow rotation during the test.  This

loading device was manually operated.

Fig. 3.4  Test setup

3.3 TEST PROCEDURE

First, the axial load was applied to the column portion of the specimen.  An axial compressive

load equal to 0.1f'cAg was applied to two of the specimens, Test 2 and Test 6.  The other two

specimens, Test 4 and Test 5, received an axial compressive load equal to 0.25f'cAg.  The axial

load was set to the calculated initial value and then left to change at will as the beam was

subjected to lateral reversals.

The lateral load was applied cyclically through the loading collar, in a quasi-static

fashion, at the end of the beam, as shown in Fig. 3.4.  The first portion of the test was load-
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controlled wherein the lateral load was increased in 5 kip (22.2 kN) increments.  At every load

step, three cycles were performed.  The average cycle took 40 seconds to complete.  Each cycle

contained a push and pull segment.  After the first yielding of the longitudinal reinforcement, the

testing was carried out using displacement-control.  Three cycles were performed at each

displacement step, and the displacement was increased as a fraction of the initial yield

displacement.   The test continued until the lateral load dropped below approximately 50% of the

peak value.  The loading procedure for Test 4 is shown in Fig. 3.5 and is typical of all four tests.

Fig. 3.5  Typical loading pattern
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4 Experimental Results and Discussion

Following the testing procedure described in the previous section, four as-is reinforced concrete

joints were tested.  The experimental results of each beam-column joint specimen are discussed

in this section.  The results presented in this report include

• load-drift hysteresis loops

• description of damage

• peak load, peak displacement, bilinear displacement ductility

• nominal joint shear stress vs. shear strain diagrams

• axial load behavior

• energy dissipation

Two different column axial load levels were used in the testing.  Two specimens ( Test

#2 and Test #6) were tested with an axial load equal to 10% of f'cAg, and two (Test #4 and Test

#5) were tested with an axial load equal to 25% of f'cAg.  The specimens in the different load

levels are discussed separately and then compared at the end of this section.

4.1 TESTS WITH 10% AXIAL LOAD

4.1.1 Test #2

The load versus drift curve is shown in Fig. 4.1.  The load step number is shown next to the first

cycle of that step.  The first yielding occurred in a bottom, longitudinal beam bar in load step

four.  The lateral load at yielding was 20.9 kips (93 kN) at a lateral displacement of 0.31 in. (7.8

mm).  Only hairline cracking was apparent at this point during the test.  Measurable flexural

cracks in the beam and shear cracks in the joint appeared during the seventh load step

corresponding to a lateral load of approximately 40 kips (178 kN).  The subsequent loading steps

produced only slight increase in crack widths in the beam.  However, the shear cracking in the

joint rapidly increased to a maximum average crack width of 0.18 in. (4.5 mm) by the end of the
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test.  Shear cracks had also spread to the column where they extended up along the longitudinal

column bars.  Fig. 4.2 shows the damage the joint incurred from the lateral loading.  The joint

ultimately failed at a displacement of 1.94 in. (4.9 cm) corresponding to a drift of 2.95%.  The

displacement ductility of the joint was determined to be µ=2.8 through a bilinear model

approximation.  The peak lateral load sustained by the specimen was 60.1 kips (267 kN).  By the

end of the test, the load had dropped to 30.1 kips (134 kN) which is 53% of the peak load.

Note:  10 = first cycle of load step number 10

Fig. 4.1  Test #2 load-drift curve

Ultimate failure of the beam-column specimen is attributed to the development of the

limiting joint shear capacity.  The joint shear behavior can be seen in Fig. 4.3.  This diagram
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MPa) or γ=12.1 (psi) [γ=1.00 (MPa)].  This value far exceeds the value of γ=6 (psi) [γ=0.50

(MPa)] prescribed in FEMA 273 for this type of joint and just reaches the value of γ=12 (psi)

[γ=1.00 (MPa)] for a new, Type II joint by ACI 352 (1991) standards, as shown in Fig. 4.3.

Fig. 4.2  Damage to Test #2 specimen

Fig. 4.3  Test #2 joint shear behavior

-10000 -5000 0 5000 10000 15000 20000 25000 30000

Joint Shear Strain (µε)

-15

-10

-5

0

5

10

15

N
om

in
al

 J
oi

nt
 S

he
ar

 S
tre

ss
/√

f' c 
 (

ps
i)

-1.1

-0.9

-0.7

-0.5

-0.3

-0.1

0.1

0.3

0.5

0.7

0.9

1.1

N
om

in
al

 J
oi

nt
 S

he
ar

 S
tre

ss
/√

f' c 
 (M

P
a)

Test #2 - 0.1f'cAg axial load

FEMA 273

ACI 352 Type 2



18

The maximum nominal joint shear stress occurred at a joint shear strain equal to 0.0045.

The response of the column to the cyclic loading is represented by the plot of axial column load

shown in Fig. 4.4.  The axial compressive load in the column was originally set at 155 kips (689

kN) corresponding to 0.1f'cAg.  Fig. 4.4 shows how the axial load fluctuated as the specimen was

subjected to the various loading cycles.  This fluctuation is a result of the testing setup, which

used threaded steel rods to transfer the axial load to the column.  As the beam was pushed, the

rods were put into additional tension, and as the beam was pulled the tension was somewhat

released.  Although in an actual building the compressive load in a column would vary

differently, the fluctuations evident in this test are considered reasonable.

Fig. 4.4  Test #2 column axial load

The relationship between the column axial load and drift, and the column axial load and

imposed lateral load are shown in Fig. 4.5(a) and Fig. 4.5(b), respectively.  These plots illustrate
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(a)

(b)

Fig. 4.5  Test #2 axial load deterioration
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shown in Fig 4.6.  By the end of the test the joint had dissipated a cumulative 461 k-in. (52 kJ) of

energy.  The joint had dissipated 14.5% of the total energy at 1% drift, 44.9% of the energy at

2% drift, and 100% of the energy at 2.95% drift.

Note:  10 = first cycle of load step number 10

Fig. 4.6  Energy dissipation in Test #2
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cracked section that spalled off the back of the column by the end of the test.  Fig. 4.8 shows the

damage described above.  The joint specimen reached a displacement of 2.35 in. (6.0 cm) or

3.57% drift at ultimate failure.  The peak lateral load sustained by the specimen was 59 kips (262

kN).  The load had dropped 51% from the peak to 29 kips (129 kN) by the end of the test.  The

bilinear model displacement ductility of the joint is µ=2.6.

Note:  10 = first cycle of load step number 10

Fig. 4.7  Test #6 load-drift curve

Ultimate failure of the beam-column specimen is attributed to the development of the
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Fig. 4.8  Damage to Test #6 specimen

Fig. 4.9  Test #6 joint shear behavior
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plots shown in Fig. 4.10(a) and (b) show the reduction of the column axial load.  The

compressive load dropped 24% from the original value to 100 kips (445 kN) by the end of the

test.

(a)

(b)

Fig. 4.10  Test #6 axial load deterioration
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Fig. 4.11  Test #6 column axial load

Note:  10 = first cycle of load step number 10

Fig. 4.12  Energy dissipation in Test #6
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or a drift of 1.1%.  The joint ultimately dissipated a total of 488 k-in. (55 kJ) of energy during the

test.  At 1% drift the joint had dissipated 20.1% of the total energy, at 2% drift the joint had

dissipated 48.6%, and at 3% drift the joint had dissipated 92.0% of the total dissipated energy.

4.2 TESTS WITH 25% AXIAL LOAD

4.2.1 Test #4

A picture of the joint at the end of the test is shown in Fig. 4.13.  The load-drift hysteresis

diagram for the beam-column joint in Test #4 is shown in Fig. 4.14.  Initial hairline cracking in

the beam and joint started in the second load step.  However, these cracks did not start widening

until load step 7.  Strain gage readings indicate that the first longitudinal reinforcement yielded in

the first cycle of load step 9.  Yielding occurred at a lateral load of 50.7 kips (226 kN) in a top

beam bar with a yield displacement of 0.45 in. (11.4 mm), which is 30% greater than the average

of the 0.1f'cAg specimens.  At this point in the test, measurable cracks had already formed in the

beam and joint, but major cracking did not occur until load step 10 following yielding which

corresponded to a lateral load of 60 kips (267 kN).  The joint received the most amount of

damage with an average diagonal shear crack width of 0.35 in. (9 mm).  Spalling of the concrete

occurred at the end of the test.  The diagonal shear cracks in the joint spread to the column in the

eleventh load step.  The average maximum column crack width at the end of the test was 0.20 in.

(5 mm).  The joint specimen reached a maximum displacement of 1.45 in. (3.7 cm) and 2.2%

drift at ultimate failure.  The peak lateral load sustained by the specimen was 62 kips (276 kN).

The load had dropped to 23 kips (102 kN) by the end of the test, which is 37% of the peak load.

The bilinear model displacement ductility of the joint is µ=1.8.

Fig. 4.13  Damage to Test #4 specimen
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Note:  10 = first cycle of load step number 10

Fig. 4.14  Test #4 load-drift curve

Ultimate failure of the beam-column specimen in test #4 is attributed to development of

the limiting joint shear capacity.  The maximum joint shear stress was 1031 psi (7.1 MPa) which
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seen in the diagram, the joint reached a stress level beyond that prescribed in FEMA 273 and

ACI 352.  The maximum nominal joint shear stress occurred at a joint shear strain of 0.035.

Test #4 was the first specimen to be tested with a 25% axial compressive load in the

column.  The initial column load was set at 310 kips (1380 kN).  The behavior of the axial load

during the cyclic, lateral loading is shown in Fig. 4.16.  The fluctuation seen in the diagram is a

result of the test setup; extensive cracking in the joint and column resulted in loss of stiffness at

high drift levels.  The column load reduction from the full 0.25f'cAg axial load is due to the

closure of cracks that opened in the push cycle and closed in the pull cycle.  This reduction is

-4 -3 -2 -1 0 1 2 3 4

% Drift

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

40

50

60

70

La
te

ra
l L

oa
d 

(k
ip

s)

-300

-250

-200

-150

-100

-50

0

50

100

150

200

250

300

La
te

ra
l L

oa
d 

(k
N

)

Test #4 - 0.25f'cAg axial load

12

13

11
10

9
8

7
6

5
4



27

shown in Fig. 4.17(a) and (b).  By the end of the test, the compressive load had dropped 17%

from the original value to 257 kips (1143 kN).

Fig. 4.15  Test #4 joint shear behavior

Fig. 4.16  Test #4 column axial load
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(a)

(b)

Fig. 4.17  Test #4 axial load deterioration
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2% drift the joint had dissipated 26.8% and 90.5% of the energy, respectively.  The specimen

never reached 3% drift.

Note:  10 = first cycle of load step number 10

Fig. 4.18  Energy dissipation in Test #4
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much concrete absent in the joint region, the longitudinal column reinforcement was forced to

carry a substantial amount of the compressive axial load.  This resulted in column bar buckling.

Fig. 4.20 shows the described damage to the joint specimen where buckling of the longitudinal

column bars is apparent.  The joint ultimately failed at a displacement of 1.90 in. (4.8 cm)

corresponding to a drift of 2.90%.  The peak lateral load sustained by the specimen was 60 kips

(267 kN).  By the end of the test, the lateral load had dropped 63% from the peak load to 22 kips

(98 kN).  The bilinear model displacement ductility of the joint is µ=1.4.

Note:  10 = first cycle of load step number 10

Fig. 4.19  Test #5 load-drift curve
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Fig. 4.20  Damage to Test #5 specimen

Ultimate failure of the beam-column specimen is attributed to the development of the

limiting joint shear capacity.  The joint shear behavior for Test #5 can be seen in Fig. 4.21.  The

specimen reached a joint shear stress of 985 psi (6.8 MPa), with γ=13.4 (psi) [γ=1.11 (MPa)].  As

seen in the diagram, this stress level exceeds that prescribed in both FEMA 273 and ACI 352.

Fig. 4.21  Test #5 joint shear behavior
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The maximum nominal joint shear stress occurred at a joint shear strain of 0.003.  The

response of the column to the cyclic loading is represented by the plots of axial column load

shown in Fig. 4.22 and 4.23.  The axial compression load in the column was initially set at 305

kips (1357 kN), but due to a shift in the first load step, the axial load was taken to be 319 kips

(1419 kN).  The column’s deteriorating level of axial load is shown in the plots in Fig. 4.22(a)

and (b).  At the conclusion of the test, the column was holding 257 kips (1143 kN) of

compressive load.  This is a 19% drop from the original value.

(a)

(b)
Fig. 4.22  Test #5 axial load deterioration
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Fig. 4.23  Test #5 column axial load

The amount of energy dissipated in the joint specimen throughout the test is shown in

Fig. 4.24.  Accelerated energy absorption started at the ninth load step or a drift of 0.9%.  The

joint dissipated a cumulative 387 k-in. (44 kJ) of energy during the test.  The joint had dissipated

19.6% of the total energy at 1% drift and 58.7% of the energy at 2% drift.

Note:  10 = first cycle of load step number 10

Fig. 4.24  Energy dissipation in Test #5
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The beam-column joint specimen in Test #5 was the only specimen that experienced

some bar slippage during the test.  A column longitudinal bar debonded and slipped at the top of

the lap splice region during cyclic loading.  This is shown in Fig. 4.25, where the strain versus

drift curve remains vertical at drift levels between –2% and 2%.  This is where the displacement

of the beam is increasing yet the rebar is not receiving any additional strain.

Fig. 4.25  Column bar slippage in Test #5

4.3        COMPARISON OF TESTS WITH 10% AND 25% AXIAL LOAD

All four of the beam-column specimens failed by development of the limiting joint shear

capacity.  Only a very slight variation in the peak lateral load sustained by each specimen was

observed.  The level of column axial load compression did not appreciably affect the strength in

regard to cyclic load capacity.  There is a distinct difference in ductility, however, between the

specimens with 10% axial load and those with 25% axial load.  Table 4.1 shows that the

specimens with the lower axial load were over one and a half times as ductile as the beam-

column joints with higher column compression.  The lower drift percentage for the specimens

with 25% axial load confirms their more relatively brittle character as compared to the 10% axial

load specimens.

Table 4.1  Strength and Ductility Comparison

Axial Load Level
0.1f'cAg 0.25f'cAg

RATIO

0.1f'cAg/0.25f'cAg

Peak Lateral Load 59.5 kips (265 kN) 61 kips (271 kN) 0.98
Absolute Maximum Drift 3.26% 2.55% 1.28
Displacement Ductility 2.7 1.6 1.69

Colum n Bar  at Top of Lap Sp lice

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

-1500 -1000 -500 0 500 1000 1500
Mi cr os t r ai n
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The specimens at the two different axial load levels also showed different joint shear

stress behavior.  When the joint strength coefficient, γ, is compared for each test, it is obvious

that the higher axial column load improved the shear stress capacity of the joint.  The average

coefficient γ for Test #2 and Test #6, with an axial load of 0.1f'cAg, is 12.4 (psi) [1.03 (MPa)].

For Test #4 and Test#5 with an axial load of 0.25f'cAg, the average maximum γ is 13.4 (psi) [1.11

(MPa)].  The increase is 8% in shear capacity and is a result of increased confinement due to the

axial compressive load.

Comparison of the columns’ axial load reduction during the tests is inconclusive.  The

range of capacity loss is too wide a spread between the four specimens to make an accurate

statement.  For all four columns, the axial load was reduced due to stiffness degradation and

concrete cracking in the joint and column; the reduction ranged between 10% and 24%.

The comparison of energy dissipation between the specimens at the two axial load level

is represented in Fig. 4.26.  The beam-column specimens at the lower axial load level were able

to absorb more energy than the specimens with the higher column load.  The joints with 10%

axial load dissipated on average 474 k-in. (53.6 kJ) of energy, while the joints with 25% axial

load only absorbed 378 k-in. (42.7 kJ) of energy.  Thus, the specimens with the higher axial load

dissipated 20% less energy than the specimens with the smaller level of axial load.

Fig. 4.26  Comparison of energy dissipation
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Yielding of the reinforcement always initiated at the beam longitudinal bars.  This

yielding started earlier in the specimens with the 0.1f'cAg axial column load, at a drift of 0.5% to

0.6%, whereas for the specimens with the 0.25f'cAg axial load yielding did not begin until a drift

of 0.7% to 1%.  Substantial energy dissipation initiated at a drift of 1.1% to 1.3% for the

specimens with 0.1f'cAg column axial load, and a drift of 0.9% for the specimens with 0.25f'cAg

axial load.

The maximum nominal joint shear stress occurred at a joint shear strain between 0.0035

and 0.0045 for the specimens with 0.1f'cAg column axial load, and in the range of 0.0030 and

0.0035 for the specimens with of 0.25f'cAg axial load.
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5 Performance-Based Evaluation

5.1 DESCRIPTION OF PARAMETERS

Existing performance categories include the FEMA 273 (BSSC 1997) descriptions for buildings

and the performance categories developed as part of PEER.  The PEER Bridge Performance

Database was used as a template in evaluating the performance of the four exterior building joint

specimens (Hose, Eberhard, and Seible 2000).  A five-level performance evaluation was used

based on the analysis of a variety of parameters.  These performance categories are well suited

for experimental evaluations such as the present study.  In addition, for specific subassemblies

the parameters included in the performance categories can be expanded with relevant quantities.

The parameters in the PEER database include drift, concrete and steel strains, principal stress

states, displacement ductility, plastic rotation, curvature ductility, residual deformation index,

equivalent viscous damping ratio, and effective stiffness ratio.  Explicit procedures on how to

calculate these parameters are given in Hose, Eberhard, and Seible (2000).  Several other

parameters were evaluated, for the four building joint specimens, subsequent to those used for

bridges.  They included joint shear strain, cumulative dissipated energy, and joint strength

coefficient γ.  The strength coefficient was calculated as follows:

(5.1)

where Vn = nominal joint shear stress, and Aj = effective horizontal area of the joint.  The energy

was determined as the area under the force-displacement curves.  The joint shear strain was

calculated from experimental LVDT strain data using plane strain transformation.

A value for each parameter was calculated at the end of each load step.  The results for

each of the four specimens are contained in Tables 5.1 through 5.4.  These values were used to

delineate the five performance levels.
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5.2 PERFORMANCE LEVELS

Five levels of performance were used to characterize the joints.  These levels were determined

based on the evaluation and comparison of the previously tabulated parameters.  After analysis

of the four joint specimens, the governing parameters for delineating between performance levels

were found to be drift, joint crack width, and the joint strength coefficient γ.  The type of damage

associated with each step was also used as a parameter for determining the performance levels.

The performance level boundaries are slightly different for the two levels of axial column load.

Table 5.5 summarizes the characteristics of each performance level.

Table 5.5  Performance Levels in Terms of Critical Parameters
(a) 0.1f'cAg (b) 0.25f'cAg

Performance
Level

Drift
%

Crack
Width

in. (mm)

γ
psi (MPa)

Performance
Level

Drift
%

Crack
Width

in. (mm)

γ
psi (MPa)

I 0.24 -- 3.7 (0.31) I 0.25 -- 4.7 (0.39)
II 0.56 hairline 6.5 (0.54) II 0.46 hairline 7.9 (0.66)
III 0.9 0.004 (0.1) 8.6 (0.71) III 0.7 0.004 (0.1) 10.7 (0.89)
IV 1.9 0.05 (1.2) 12.4 (1.03) IV 1.5 0.10 (2.5) 13.3 (1.10)
V 2.5 ≥0.18 (4.5) 10.5 (0.87) V 2.0 ≥0.33 (8.5) 9.7 (0.81)

Level I showed no damage to the joint specimen and occurred at very low levels of drift.

Level II was characterized by barely visible, initial cracking in the joint.  The first yielding of

longitudinal reinforcement occurred in this performance level.  Level III showed growing

diagonal cracks in the joint and the appearance of more cracks in the beam and joint.  This level

represents the initial stages of the failure mechanism.  Level IV occurred at the peak lateral load.

Extensive cracking in the joint and the extension of diagonal joint cracks into the column was

seen in this performance level.  This stage represents full development of the failure mechanism.

Level V was characterized by lateral load strength degradation and spalling concrete on the back

of the column at the joint.

The performance levels with detailed descriptions are shown for each beam-column joint

specimen in Tables 5.6 to 5.9.  The performance levels are also marked on each joint respective

hysteretic-envelope curve in Figures 5.1, 5.3, 5.5, and 5.7.  Photographic documentation was

done on each test for all five performance levels and is presented in Figures 5.2, 5.4, 5.6, and 5.8.



41

Table 5.6  Test #2 Performance Levels (0.1f'cAg)

Level Qualitative
Performance
Description

Quantitative
Performance
Description

Load
Step

Lateral
Load

kip (kN)

Crack
Width

in (mm)

Drift
%

γ
psi (MPa)

I no damage -- 2 17 (76) -- 0.24 3.5 (0.29)
II first yield in

longitudinal
reinforcement

-- 5 31 (138) hairline 0.57 6.3 (0.52)

III initiation of
mechanism

initial cracking in the
joint and beam

7 42 (187) 0.004 (0.1) 0.91 8.5 (0.71)

IV formation of
local mechanism

extensive shear
cracking in joint,
joint shear cracks

extending into
column, continued

cracking in the beam

10 60 (267) 0.04 (1.12) 1.91 12.1
(1.00)

V strength
degradation

spalling concrete in
the joint and back of

the column

11 52 (231) 0.18 (4.5) 2.47 10.4
(0.86)

Level I

Fig. 5.1  Test #2 performance level identification curve Level II

Level III Level IV Level V

Fig. 5.2  Test #2 photo documentation of performance levels
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Table 5.7  Test #6 Performance Levels (0.1f'cAg)

Level Qualitative
Performance
Description

Quantitative
Performance
Description

Load
Step

Lateral
Load

kip (kN)

Crack
Width

in (mm)

Drift
%

γ
psi (MPa)

I no damage -- 2 18 (80) -- 0.24 4.0 (0.33)
II first yield in

longitudinal
reinforcement

onset of cracking in
the joint and beam

5 31 (138) hairline 0.56 6.7 (0.56)

III initiation of
mechanism

continued cracking
in the beam and
beam/column

interface

7 41 (182) 0.004 (0.1) 0.88 8.8 (0.73)

IV formation of
local mechanism

extensive shear
cracking in the joint,
diagonal joint cracks

extend into the
column

9 59 (262) 0.06 (1.4) 1.90 12.7
(1.05)

V strength
degradation

spalling concrete in
the joint and back of

column

10 49 (218) 0.79 (20) 2.64 10.5
(0.87)

Level I

Fig. 5.3  Test #6 performance level identification curve Level II

Level III Level IV Level V

Fig. 5.4  Test #6 photo documentation of performance levels
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Table 5.8  Test #4 Performance Levels (0.25f'cAg)

Level Qualitative
Performance
Description

Quantitative
Performance
Description

Load
Step

Lateral
Load

kip (kN)

Crack
Width

in (mm)

Drift
%

γ
psi

(MPa)
I no damage barely visible

cracking in beam and
joint

4 26 (116) -- 0.25 5.6
(0.46)

II initiation of
mechanism

onset of shear
cracking in the joint,
continued cracking

in the beam

7 42 (187) hairline 0.48 9.0
(0.75)

III first yield in
longitudinal

reinforcement

growing diagonal
cracks in the joint

9 51 (227) 0.004 (0.1) 0.66 10.9
(0.91)

IV formation of
local mechanism

diagonal joint cracks
extending into the

column

11 61 (271) 0.14 (3.5) 1.43 13.2
(1.10)

V strength
degradation

spalling concrete in
joint and back of

column

12 44 (196) 0.35 (9) 1.84 9.4
(0.78)

Level I

Fig. 5.5  Test #4 performance level identification curve Level II

Level III Level IV Level V

Fig. 5.6  Test #4 photo documentation of performance levels
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Table 5.9  Test #5 Performance Levels (0.25f'cAg)

Level Qualitative
Performance
Description

Quantitative
Performance
Description

Load
Step

Lateral
Load

kip (kN)

Crack
Width

in (mm)

Drift
%

γ
psi (MPa)

I no damage -- 2 17 (76) -- 0.24 3.9 (0.32)
II -- cracking in the beam,

barely visible
cracking in the joint

5 31 (138) hairline 0.45 6.9 (0.57)

III -- growing shear cracks
in the joint,

continued cracking
in the beam

8 47 (209) 0.005
(0.12)

0.88 10.5
(0.87)

IV first yield in
longitudinal

reinforcement

extensive shear
cracking in the joint,

diagonal cracks
extend into the

column

10 60 (267) 0.06 (1.5) 1.67 13.4
(1.11)

V strength
degradation

buckling of
longitudinal column

bars at back of
column, spalling

concrete in joint and
back of column

11 45 (200) 0.33 (8.5) 2.36 10.1
(0.84)

Level I

Fig. 5.7  Test #5 performance level identification curve Level II

Level III Level IV Level V

Fig. 5.8  Test #5 photo documentation of performance levels
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It should be noted that these performance levels are based only on four joint tests.  The

parameters are average values.  Subsequent studies are needed to further substantiate the findings

in this report and solidify the performance level delineation.  Since this is solely an engineering

study, socio-economic descriptions were not assigned to the five performance levels.  This latter

type of classification is expected to be developed in cooperation with the social scientists

involved in PEER.

5.3 COMPARISON WITH FEMA 273 AND ACI 352

The joints tested for this research do not qualify as either Type I or Type II joints per ACI 352

(ACI 1991) since the reinforcement is of Type I but the loading is of Type II.  However, a

comparison was made of the test results with the FEMA 273 (BSSC 1997) modeling parameters

for reinforced concrete beam-column joints.  Specifically, the shear angle parameters at the end

of the peak strength (d) and at the collapse level (e), and the residual strength ratio, as defined in

Fig. 5.9, were compared to Table 6-8 of FEMA 273.  FEMA 273 parameters do not exist for an

axial load ratio of 0.25.  However, Table 5.10 shows that for an axial load ratio of 0.1f'cAg the

FEMA Guidelines are conservative.

Fig. 5.9  FEMA modeling parameters
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Table 5.10  Modeling Parameters for Specimens in Comparison with FEMA 273

Test # P/f'cAg 
1 Transverse

Reinforcement
V/Vn 

2 d e c

2 0.10   NC 3 0.57 0.023 0.030 0.449
6 0.10 NC 0.59 0.025 0.034 0.480
4 0.25 NC 0.62 0.014 0.021 0.489
5 0.25 NC 0.63 0.016 0.029 0.598

FEMA 273 ≤ 0.1   NC 4 ≤ 1.2 0.005 0.010 0.200
1ratio of the axial column load to the cross-sectional area of the joint and concrete compressive strength
2ratio of the design shear force to the shear strength for the joint: Vn is calculated using Equation 6-4 in
FEMA 273 Section 5.5.2.3

3nonconforming details; no hoops within the joint
4nonconforming details; see Table 6-8 footnote 1. of FEMA 273

  In terms of the shear strength coefficient, γ, the FEMA 273 Guidelines suggest a value

of γ = 6 (psi) or 0.5 (MPa) for exterior joints without transverse beams.  This is very conservative

for the present joint specimens, since this research has shown that for the case of an axial column

load of 0.1f'cAg,the coefficient γ = 12.4 (psi) or 1.03 (MPa), and that for a column axial load of

0.25f'cAg,the coefficient γ = 13.4 (psi) or 1.11 (MPa).

  Comparing the results for the shear strength coefficient obtained in this research to the

coefficient suggested by ACI 352 for new joints, which is γ = 12 (psi) or 1.0 (MPa), it can be

observed that even nonductile joints without hoop steel in the joint can meet this design value.

This is true for the joints tested here with the reinforcement details described in Chapter 2 and at

both the 0.1f'cAg axial column load and 0.25f'cAg axial load levels.

The specimens with 0.1f'cAg axial load had a maximum equivalent viscous damping ratio

in the range of 12.8% to 15.2%, whereas the specimens with 0.25f'cAg axial load had a maximum

equivalent viscous damping ratio in the range of 12.8% to 15.6%.
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6 Conclusions

This investigation has shown that several performance levels can be delineated in terms of the

reinforced concrete nonductile building joints that were tested.  These performance levels have

been categorized for two levels of axial column compression load in terms of drift, joint strength

coefficient, and crack width.  One of the findings of this study is that the joint strength

coefficient, γ, changes with the variation of the column compressive axial load.  For the joints

with 0.1f'cAg axial load in the column, the value of γ was 12.4 (psi) or 1.03 (MPa).  For joints

with 0.25f'cAg axial load in the column, the value of γ was 13.4 (psi) or 1.11 (MPa), which is an

increase of  8%.   The FEMA 273 (BSSC 1997) joint shear strength coefficient is given as γ = 6

(psi) or 0.5 (MPa) for existing exterior joints without transverse beams, which is seen to be very

conservative when compared with the results of this research.  The ACI 352 (1991) joint shear

strength coefficient for new Type II exterior joints is given as γ = 12 (psi) or 1.0 (MPa), which

was actually met by the joints tested in this research for both axial column loads of 0.1f'cAg and

0.25f'cAg.

The maximum nominal joint shear stress occurred at a joint shear strain between 0.0035

and 0.0045 for the specimens with 0.1f'cAg column axial load, and in the range of 0.0030 and

0.0035 for the specimens with of 0.25f'cAg axial load.  The principal tensile stress in the joint for

the specimens with 0.1f'cAg axial column load was on average 18√f'c (psi) or 1.5√f'c (MPa),

whereas for the specimens with an axial load of 0.25f'cAg column load, the principal tensile stress

was 27√f'c (psi) or 2.24√f'c (MPa); this is an increase of 50% in the principal tensile stresses.

The results have also indicated that the FEMA 273 (BSSC 1997) modeling parameters for

seismic rehabilitation of joints are conservative.

The joints with 0.1f'cAg axial compressive loading in the columns experienced a drop of

10% to 24% of the axial load, at drifts of 3% to 3.5%.  The joints with 0.25f'cAg axial

compression in the column experienced a drop of 17% to 19% of the axial load, at drifts of 2.2%
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to 2.9%.  Due to the loading setup and test procedure, this drop in the axial column load can not

be taken to mean that the axial capacity of the column was reduced; nevertheless, the drop in the

axial load represents the loss of stiffness due to progressive cracking in the joint and column at

higher drift levels.

In terms of energy dissipation, the specimens with 0.25f'cAg axial load dissipated an

average of 20% less energy than the specimens with 0.1f'cAg axial load. Substantial energy

dissipation initiated at a drift of 1.2% for the specimens with 0.1f'cAg column axial load, and a

drift of 0.9% for the specimens with 0.25f'cAg axial load.

 The displacement ductility of the specimens with the 0.1f'cAg column load was on

average 2.7 as compared to 1.6 for the specimens with 0.25f'cAg axial column compressive load.

Yielding of the reinforcement always initiated at the beam longitudinal bars and started earlier in

the specimens with the 0.1f'cAg axial column load, at a drift of 0.5% to 0.6%, whereas for the

specimens with the 0.25f'cAg axial load, yielding did not begin until a drift of 0.7% to 1%.
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