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ABSTRACT 

Reinforced concrete (RC) buildings designed before the mid-1970s may have serious structural 

deficiencies and are considered substandard according to current seismic design criteria.  

Specifically, the failure of the beam-column joints has been the cause of building collapse in 

many recent earthquakes worldwide.  This report evaluates the seismic performance of beam-

column joints with three different details of beam and beam-column joint reinforcement.  A total 

of six full-scale RC exterior joints were tested and their performance was examined in terms of 

lateral load capacity, drift, plastic rotation, joint shear strength, ductility, 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 is discussed.  

Performance levels for two types of failure mechanisms are established and comparisons are 

made to FEMA 273, FEMA 356, and ACI 352.  In addition, the bond-slip behavior of the bottom 

beam bars is discussed.  Limit states models are created and new modeling criteria for exterior 

joints with substandard details are proposed.  Finally, a strut-and-tie model is developed for 

verifying the experimental results.    
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1 Introduction 

Distress in beam-column joints leading to building collapse has been observed in past 

earthquakes (Moehle and Mahin 1991); the cause of collapse has been attributed to inadequate 

joint confinement.  Observations of damage after the 1995 Hyogo-ken Nanbu, Japan, earthquake 

indicated that some reinforced concrete (RC) buildings designed before the mid-1970s may have 

serious structural deficiencies; these deficiencies are a consequence of a lack of capacity design 

approach and/or poor detailing of reinforcement (Park et al. 1995).  In more recent earthquakes, 

the inadequacy of building joints designed according to earlier rather than more current 

standards was cause for severe damage or collapse.  Characteristically, in 1999 reconnaissance 

reports from the Tehuacan, Mexico, earthquake of June 15, 1999 (EERI 1999a), the Izmit, 

Turkey, earthquake of August 17, 1999 (Sezen et al. 2000), the Athens, Greece, earthquake of 

September 7, 1999 (EERI 1999b), and the Chi-Chi Taiwan, earthquake of September 21, 1999 

(Uang et al. 1999, EERI 1999c) show that all four earthquakes involved seismic damage to RC 

building joints with substandard details. 

Figure 1.1 shows the inadequate detailing of a joint of an RC frame in the Tehuacan, 

Mexico, earthquake; notice the presence of splices and the lack of hoops.  In the Izmit, Turkey, 

earthquake of August 17, 1999 (Sezen et al. 2000), several RC moment frame buildings 

experienced damage at beam-column joints (Fig. 1.2); it is apparent that no transverse hoops are 

present in the joint.  In one case, the collapse of an RC building was attributed to the failure of 

the beam-column joints (Fig. 1.3).  Although the framing is mostly intact, many of the beam-

column joints are severely damaged; no transverse hoops are present in the joint, and the beam 

bar anchorage in the joint is apparently inadequate.  In the Athens, Greece, earthquake of 

September 7, 1999 (EERI 1999b), the beam-column joints of RC frames had no joint steel hoops, 

as shown in Figure 1.4.         
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Fig. 1.1 Inadequate detailing of joint in the Tehuacan, Mexico, earthquake of June 15, 

1999 (EERI 1999) 
 

  

Fig. 1.2 Severe damage to moment frame beam-column joints in the Izmit, Turkey, 
earthquake of August 17, 1999 (Sezen et al. 2000) 
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Fig. 1.3 Collapse of building due to failure of beam-column joints in the Izmit, Turkey, 

earthquake of August 17, 1999 (Sezen et al. 2000) 
  

 

 
Fig. 1.4 Failure of beam-column joint in the Athens, Greece, earthquake of September 7, 

1999 (EERI 1999b) 
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 The failure of beam-column joints was the cause for the partial collapse of the stories of a 

15-story building (Fig. 1.5) in the 1999 Chi-Chi, Taiwan, earthquake (Uang et al. 1999, EERI 

1999c); poor transverse reinforcement in the beam-column joint region was the major reason for 

the collapse.  In another instance, inadequate beam-column joint confinement caused a 22-story 

building to tilt 4°, as shown in Fig. 1.6, and the building had to be demolished (Uang et al. 

1999); buckling of the longitudinal column bars is evident. 

 
 

  
 

Fig. 1.5 Damage to partially collapsed 15-story building: beam-column failure at façade in 
the Chi-Chi, Taiwan, earthquake of September 21, 1999 (Uang et al. 1999, EERI 
1999c) 
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Fig. 1.6 Damage to 22-story building beam-column joints in the Chi-Chi, Taiwan, 
earthquake of September 21, 1999 (Uang et al. 1999) 

 

A significant amount of research on the seismic performance of RC building beam-

column joints has been carried out in the last four decades.  The majority of the research 

literature has emphasized the improvement of the performance of these RC building beam-

column joints through new design concepts and improved details such as joint hoops and 

improved anchorage.  Several researchers have focused on an array of different variables, 

including the effect of column axial load, which is of interest in the present study. 

A single-strut model for evaluating the shear strength of exterior joints was proposed by 

Meinheit and Jirsa (1977).  The predictive relationship for joint shear strength was divided 

according to two categories of joints: (a) joints for which no beam hinge occurs at the face of the 

column, and (b) joints for which a beam hinge does occur at the face of the column.  The 

parameters identified as affecting the monotonic shear strength of the joint are concrete strength, 

column axial load, geometric parameters, transverse reinforcement, and presence of lateral 

beams.   

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

beam-column joints were tested under constant axial compressive load equal to 0.42f’
cAg.  The 

presence of this axial load was found to be beneficial at the early stages of loading; however, at 
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the latter stages when the concrete joint core acts as a series of struts, it was postulated that the 

large axial load might 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 horizontal 

joint shear reinforcement may be reduced considerably (Paulay and Scarpas 1981).  The amount 

of shear reinforcement varied between units; 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 subsequent 

loading cycle. 

Ehsani and Wight presented the results of six exterior RC beam-column subassemblages 

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

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

reduce the total lateral drift at yield (Kurose 1987).  Although some researchers report that 

increased column axial load results in increased shear strength of joints without reinforcement, 

the data do not show a significant trend (Beres et al. 1992). 
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Bond and anchorage of bars in RC beam-column joints was studied by Kaku and 

Asakusa (1991).  It was shown that the consequences of bond deterioration included pinching of 

the force story-drift hysteresis curves, increasing the slip deformation at the beam-column 

interface, changing the shear transfer mechanism in the joint core, and decreasing the flexural 

strength of the adjoining members. 

Pantazapoulou and Bonacci investigated the mechanics of beam-column joints in 

laterally loaded frames (1992).  Their formulation established the compatibility of the strain and 

stress equilibrium.  It was shown that the shear strength of a joint depends on the usable 

compressive strength of concrete.  It was concluded that joint shear strength could decrease with 

increasing column axial load, and that in addition to bond failure, joint capacity could be limited 

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

reinforcement yielding. 

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

exterior beam-column joint tests (Pantazapoulou and Bonacci 1994).  The relationship between 

maximum joint shear stress and 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 

discernible 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.   

In a recent study by Clyde et al. (2000), four half-scale RC exterior joints were tested to 

investigate their behavior in a shear-critical failure mode.  The joints were typical of building 

frames with nonductile details in the beam-column joints.  The joints were subjected to quasi-

static cyclic loading, and their performance was examined in terms of lateral load capacity, drift 

ratio, axial load reduction in the column at high drift ratios, joint shear strength, ductility, shear 

deformation angle of the joint, and residual strength.  Two levels of axial compressive column 

load were investigated to determine how this variable might influence the performance of the 

joint.  Specific performance levels for this type of RC joint were established and a comparison 

was made to current design and rehabilitation standards.  A limit states model was established, 

which could be used for performance evaluation or seismic rehabilitation. 

More recently, Hakuto et al. (2000) performed simulated seismic load tests on RC one-

way interior and exterior beam-column joints with substandard reinforcing details typical of 
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buildings constructed before the 1970s.  The exterior beam-column joints contained very little 

transverse reinforcement in the members and the joint core.  In one beam-column joint unit the 

hooks at the end of the beam top bars were bent up and the hooks at the ends of the bottom bars 

were bent down.  In the other beam-column joint unit the hooks at the ends of the bars were bent 

into the joint as in current practice.  The improvement in performance of the joint with beam bars 

anchored according to current practice was demonstrated.    

The emphasis of the present study was the evaluation of the seismic performance of 

exterior joints in existing nonductile one-way RC building frames with three different details of 

beam and beam-column joint reinforcement.  These reinforcement details were selected to satisfy 

the 1963 ACI Code (ACI 1963), but do not satisfy current provisions such as the ACI 352 

Committee Report (ACI 1991).  A total of six test units were tested.  All of the test units had top 

bars bent into the joints with a 180° hook; two of the test units had bottom bars extending only 6 

in. into the joint, two test units had the bottom bars extending all the way into the joint, and the 

remaining two test units had bottom bars bent up into the joint with a 180° hook.  The details of 

the reinforcement are somewhat typical of buildings built before the 1970s and are substandard 

according to current codes.  These details can also be found in areas of the world where seismic 

forces are not the governing load condition.  In the present study, two levels of axial 

compression load were investigated for each of the three details: 10% and 25% of the axial 

column capacity in compression.  



 

 

2 Test Units 

2.1 DESCRIPTION OF TEST UNITS 

The six test units were full-scale models of typical exterior beam-column joints in RC buildings 

found in the United States before 1970.  The longitudinal and transverse reinforcement in the 

beam and the column transverse steel was increased to prevent early degradation of the beam and 

column, forcing a shear mode of failure in the joint.  There is no transverse reinforcement within 

the joint core, and the beam longitudinal bottom bars did not have adequate embedment into the 

joint.  In addition, the 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 test units called for a concrete compressive strength of 4000 psi (27.6 

MPa).  Test units with identical reinforcement were cast from the same batch to eliminate 

variations between them.  Care was taken to ensure that each batch met the mix design such that 

all six test units had comparable strengths.  Table 2.1 shows the concrete compressive strength of 

each test unit obtained from the average of three 6x12 in. cylinders; in addition, the test units are 

identified according to the level of axial compressive load, P, in the columns, expressed as a 

fraction of the axial load capacity, f′c Ag.  
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Table 2.1  Concrete compressive strength of test units and level of axial load 

Test  
Unit 

F′c 
psi (Mpa) 

gc Af
P
'  

1 4794 (33.1) 0.10 
2 4794 (30.2) 0.25 
3 4934 (34.0) 0.10 
4 4934 (31.6) 0.25 
5 4596 (31.7) 0.10 
6 4596 (31.0) 0.25 

 

2.2.2 Steel Reinforcement 

Three sizes of deformed steel rebar were used for reinforcement in the test units.  The column 

steel included #8 bars as longitudinal reinforcement with #3 hoops.  The beam used #9 

longitudinal bars as well as #3 bars for stirrups.  The ultimate (Fu) and yield (Fy) strengths of 

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

Table 2.2  Steel reinforcement strength 
Reinforcement Type Bar Size Fu (ksi) Fy (ksi) 
Beam longitudinal 9 110.4 66.5 

Column longitudinal 8 107.6 68.1 
Stirrups/ties 3 94.9 62.0 

 

 

2.3 CONSTRUCTION OF TEST UNITS 

All six of the test units were constructed with identical dimensions and similar detailing.  The 

dimensions and reinforcement details for test units 1 and 2 are shown in Figure 2.1.  Note that 

the bottom bars have only a 6 in. embedment into the column, a typical detail for 1970s’ 

construction. 
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Fig. 2.1  Test units 1 and 2:  dimensions and reinforcement details 

 

Similarly, Figures 2.2 and 2.3 show the dimensions and reinforcement details for test 

units 3 and 4, and 5 and 6, respectively.  Note that the bottom bars for test units 3 and 4 have a 

14 in. embedment into the column, a typical detail for 1970s’ construction.  Test units 5 and 6 

have the top and bottom bars ending in hooks, as shown in Figure 2.3. 
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Fig. 2.2  Test units 3 and 4:  dimensions and reinforcement details 
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Fig. 2.3  Test units 5 and 6:  dimensions and reinforcement details 

 

For the six test units, the beam is 16 in. (40.60 cm) wide and 16 in. (40.60 cm) deep.  It is 

symmetrically reinforced with 4-#9 bars for both the positive and negative reinforcement; the 

steel ratio is 1.86% at both top and bottom.  Each top longitudinal beam bar ends with a 180° 

hook bent down into the joint with an extension of 4db back toward the beam.  Each bottom 

longitudinal bar in test units 1 and 2 extends straight into the joint area 6 in. beyond the face of 

the column.  Top and bottom steel overlap 2.5 in. (6.35 cm) inside the joint.  The bottom 

longitudinal bars for test units 3 and 4 are similar to those of test units 1 and 2 but extend 

completely into the joint a distance of 14 in. (35.56 cm) causing approximately 5 in. (12.70 cm) 



 14

of overlap.  The bottom longitudinal bars in test units 5 and 6 end with a 180° hook bent up into 

the joint with an extension of 4db back toward the beam.  This allows complete overlapping of 

hooks and extensions inside the joint.  The transverse reinforcement in the beam consists of two 

stirrups.  A #3 bar closed stirrup encloses the four corner bars and ends with a 145° bend and a 

2.5 in. (6.35 cm) extension for both ends.  A #3 bar open stirrup wraps around the four inside 

bars and ends with a 180° bend and a 2.5 in. (6.35 cm) extension for both ends as shown in 

Figure 2.4.  These two stirrups are tied together and are spaced at 6 in. (15.24 cm) along the 

beam except within 15 in. (38.10 cm) of the beam end where the spacing is reduced by half to 3 

in. (7.62 cm).  The closer spacing is intended to give adequate strength at the location where the 

force is applied during the test.     

 
Fig. 2.4  Beam cross section 

 

For the six test units, the column is 16 in. (40.60 cm) wide and 16 in. (40.60 cm) deep.  It 

is reinforced with 4-#8 longitudinal bars on the beam-column face and another 4-#8 bars on the 

opposite face, giving a steel ratio of 2.47%.  The longitudinal steel extends continuously from 

bottom to top of column.  The transverse reinforcement in the column consists of 2-#3 bar closed 

stirrups each ending with 145° bends and 2.5 in. (6.35 cm) extensions for both ends, as shown in 

Figure 2.5.  The stirrups are spaced at 6 in. (15.24 cm) along the height of the column except 

within the joint region where no transverse steel is present.  Spacing of the transverse steel is 
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reduced to 3 in. (7.62 cm) at the top and bottom ends of the column, where the column was 

supported during the test. 

 
Fig. 2.5  Column cross section 

 
Table 2.3 compares the design requirements of ACI 318-63, which the test units were 

built to meet, with current design requirements.   
 

 Table 2.3  Comparison of steel details to current ACI code 
Parameter As-built 

(ACI 318-63) 
Type 1 

(ACI 352-91) 
Type 2 

(ACI 352-91) 
Column long. bars 
passing through joint 

0.01Ag<As<0.08Ag 
Min. (4) #5 bars 

0.01Ag<As<0.08Ag 
Min. (4) bars 

Dist. around perimeter 
s<8″,1/3w 

Standard Hook 180° turn + 
extension > 4db, 2.5″

180° turn + 
extension > 4db, 2.5″ 

180° turn +  
extension > 4db, 2.5″ 

Stirrup/Tie 
Anchorage 

135° turn + 
extension > 6db, 2.5″

180° turn + 
extension > 6db, 2.5” 

180° turn +  
extension > 6db, 2.5” 

Min. inside rad. of 
bend 

For #9 = 4db For #9 = 4db For #9 = 4db 

Transverse Joint 
Reinforcement 

Not Required Not Satisfied Not Satisfied 

Beam depth to 
Column Bar Ratio 

Not Required 16<20 16<20 

Bottom Bar 
Embedment 

6 in. Not Satisfied: min 
49 in. per ACI 318 

Sec. 12.2.3 

Not Satisfied: 90° 
hook required 
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The standard 180° hooks in the 1963 code currently have identical requirements.  The 

joints have no transverse hoop reinforcement, which was not required according to the 1963 ACI 

Code, but which violates recommendations according to the 1991 ACI 352 recommendations.  In 

addition, the beam depth to column bar ratio is substandard according to the 1991 ACI 352 

recommendation of being at least equal to 20.  It should also be noted from Figure 2.5 that the 

column has inferior detailing regarding the distribution of the column bars, since two of the faces 

of the joint do not contain any column bars.  This affects the confinement of the joint concrete in 

an adverse manner. 

The test unit reinforcement cages were constructed according to Figures 2.1 through 2.5 

over a period of several weeks and cast in place in pairs within two weeks.  A high-frequency 

vibrator was used to consolidate the concrete, and trowels were used to finish the concrete 

allowing a smooth surface for crack mapping.  Each test unit was allowed to cure for at least 72 

hours before they were removed from the forms.    



 

 

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 and around the concrete beam-column joints.  Wires were attached to each strain 

gage. In order for the concrete-rebar bond to be unaltered, these wires were gathered into bundles 

and run along the center of the reinforcing cage in the beam or column to the closest end where 

the wires exited the test unit.  Precautions were taken to protect the strain gages during the 

casting process.  

 
Fig. 3.1  Test units 1 and 2:  strain gage locations 
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Figure 3.1 shows the locations of the strain gages for test units 1 and 2.  A total of 63 

strain gages were applied to each of these test units.  Most of the strain gages were applied on the 

longitudinal bars closest to the front face of the test unit.  A few were applied on the second set 

of longitudinal bars to add redundancy.  The numbering pattern for all test units begins on the top 

of the column on the longitudinal bars and works its way down to the bottom of the column.  It 

then starts again from the top of the column on the horizontal hoops and continues to the bottom 

of the column.  Next, the numbering goes to the top longitudinal beam bars, from outside the 

joint toward the end of the bar inside the joint.   

 

Fig. 3.2  Test units 3 and 4:  strain gage locations 
 

This same pattern is repeated for the bottom longitudinal beam bars.  Finally, the strain 

gages on the vertical beam stirrups are numbered from outside the joint toward the joint.  Figure 

3.2 shows the placement of strain gages for test units 3 and 4.  This is identical to test units 1 and 

2 with the exception of two extra strain gages, 64 and 65, at the end of the bottom beam bars.  
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Fig 3.3  Test  units 5 and 6:  strain gage locations 

 
Figure 3.3 represents the strain gage placement for test units 5 and 6.  A total of 82 strain 

gages were placed on each of these test units.  These were the first two test units to be 

instrumented with strain gages and were afterward considered too redundant.  Test units 1 

through 4 reflect the revised amount omitting 17 to 19 strain gages.   

 

3.1.2 LVDTs 

A configuration of 14 linear variable differential transducers (LVDTs) was mounted 

unobtrusively on the column at the front face of the joint, perpendicular to the joint at the four 

corners, and along the top and bottom of the beam near the joint.  Figure 3.4 shows this LVDT 

configuration.  The data from these LVDTs were used to calculate shear strain. 
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Fig. 3.4  Test setup 

 

 

3.1.3 Displacement Transducers 

Displacement transducers were attached to each test unit to measure deflection at the end of the 

beam, deflection at the point of lateral loading, curvature along the beam, rotation of the joint, 

and rigid body movement of the specimen.  Additional displacement transducers were attached 

to test units 1 through 4 to measure bottom beam bar pullout.  This was accomplished by 

attaching a stiff, thin wire to the end of one of the bottom beam bars prior to casting.  A small 

groove was cut approximately ¼″ away from the end of the bar around its perimeter so that the 

wire could loop around the bar.  Another groove was cut to lead the wire to the end of the bar 

near the bar’s center.  Strain gage glue was applied to the wire inside the groove and a small 

carbon-fiber straw was placed around the wire to protect it as it exited the test unit.  During the 

test setup, the displacement transducer was attached to the wire. 
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3.2 LOADING APPARATUS 

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

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

cylinder and transferred to the column from the reaction against the loading frame and floor. 

Eight strain gages, one on each face of the column both top and bottom, were used to measure 

the axial load.  Four threaded rods at each corner around the test unit were used to balance the 

applied axial load.  The average of the eight strain gages was used as the axial load.  The lateral 

load was applied at the end of the beam through a loading collar.  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. 

 

3.3 TEST PROCEDURE 

Before beginning each test, the axial load was slowly applied to the column and balanced in 

steps until the appropriate level was achieved.  An axial compressive load equal to 0.1f’c was 

applied to test units 1, 3, and 5.  Test units 2, 4, and 6 received an axial compressive load equal 

to 0.25f’c.  During each test, the appropriate level of axial compression was maintained by 

manually adjusting the small hydraulic cylinder after each load step.  The lateral load was 

applied cyclically through the loading collar, in a quasi-static fashion, at the end of the beam, as 

shown in Figure 3.4.  The loading procedure outlined by PEER was followed.  This consisted of 

displacement-controlled steps beginning at a 0.1% drift followed by steps of 0.25%, 0.50%, 

0.75%, 1.0%, 1.5%, 2.0%, 3.0%, 5.0%, 7.0%, and 10.0% drift.  Owing to the limits of stroke in 

the actuator, 10.0% drift was not achievable.  An alternate step of approximately 9.0% was used 

instead of 10.0%.  Each drift step consisted of 3 cycles of push and pull, or up and down, 

respectively.  The test concluded when the 9.0% drift step was completed, or the column was 

unable to maintain the axial load.  The loading procedure for test 4, shown in Figure 3.5, is 

typical of all six tests.    
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Test #5 — 0.10f'cAg axial load
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Test #5 — 0.10f'cAg axial load
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Fig. 3.5  Typical loading pattern 



 

 

4 Test Results and Discussion 

4.1 THEORETICAL PREDICTIONS 

The test units had the material properties described in Chapter 2.  Based on the compressive 

concrete strength of each unit, the actual value of the axial compressive load applied during the 

tests is shown in Table 4.1; the table also provides a brief description of each unit in terms of the 

bottom bar embedment details.  The theoretical beam moment capacity was calculated by using 

the actual material properties of the units at the face of the column assuming that the beam 

reinforcement yields with fy = 66.5 ksi.  Table 4.1 shows the theoretical beam and column 

flexural capacity and the flexural strength ratio.  The column flexural capacity was calculated for 

the specific axial compressive load applied during the test of each unit, by using the specific 

column interaction diagram, and fy = 68.1 ksi.  Table 4.1 also gives the flexural strength ratio of 

columns to beam; this ratio is specified as equal to 1.2 in the ACI 318 Code (1999) in order to 

satisfy the strong-column weak-beam design philosophy.   

 

Table 4.1  Beam and column theoretical flexural capacity and flexural strength ratio 

Test  
Unit 

Bottom Bar 
Embedment 

gc Af
P
'  

P 
 

(kips)

Beam  
Moment, Mb 

(kip-in.) 

Column  
Moment, Mc 

(kip-in.) b

c

M
MΣ

 

1 6-in.  0.10 123 3024 2832 1.87 
2 6-in. 0.25 307 3024 3120 2.06 
3 14-in. 0.10 126 3024 2880 1.90 
4 14-in. 0.25 316 3024 3168 2.09 
5 Hook 0.10 118 3024 2796 1.85 
6 Hook 0.25 294 3024 3084 2.04 

 

As Table 4.1 shows, all test units satisfy the provision of the ACI Code regarding the 

flexural strength ratio.    
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4.2 EXPERIMENTAL RESULTS 

4.2.1 Test Unit 1 

The lateral load applied versus drift for unit 1 is shown in Figure 4.1.  The horizontal axis shows 

the drift ratio for the unit.  In addition the figure shows the step numbers near each load step.  

Note that a positive load indicates that the load was applied in the upward direction.  It is clear 

that the upward direction resistance is deficient because of the inadequate anchorage of the 

bottom beam bars of only 6 in. into the joint, as shown in Figure 2.1.  The maximum load in the 

upward direction occurred at a drift ratio of 1.5% and had a value of 20.7 kips; in the downward 

direction, the maximum load occurred at a drift of 1.5% and had a value of 43.8 kips.  The ratio 

between the lateral load capacity in the strong and weak directions is thus equal to 2.12.  This 

indicates early bond slip of the bottom reinforcement with inadequate embedment.     

Test #1 — 0.1f'cAg axial load
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Fig. 4.1  Unit 1:  lateral load versus drift ratio 
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The flexural moment applied is compared to the theoretical moment capacity in Table 4.2 

for all test units.  Test unit 1 had an actual beam moment capacity 41% of the theoretical in the 

upward direction and 86% in the downward direction.  Figure 4.2 shows the moment-rotation 

and the moment-plastic-rotation curves.  The plastic rotation at the peak moment in the upward 

direction was 0.005 radian, and at the peak moment in the downward direction it was 0.006 

radian; the plastic rotation at 80% of the peak moment was 0.015 radian in the upward direction 

and 0.020 radian in the downward direction. 

Test #1 — 0.1f'cAg axial load
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 Fig. 4.2  Unit 1:  moment-rotation and moment-plastic-rotation envelopes 

 

The column axial load for test unit 1 was set at a level of 0.1 f’cAg, which corresponds to 

a 123 kips compression load.  Although every effort was made to maintain the axial load at this 

level throughout the test,  variations were unavoidable. As shown in Figure 4.3, the axial load 

varied from 106 to 144 kips, or a range of 86% to 117%.  However, there was no indication that 

test unit 1 reached its capacity because it could not support the axial compression load.    
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Test #1 — 0.1f'cAg axial load
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Fig. 4.3  Unit 1:  variation of axial compression column load 

 

The cumulative energy absorbed by test unit 1 is shown in Figure 4.4.  The total energy 

absorbed was 558 kip-in. at a drift ratio of 9%.  At a drift ratio of 1.5%, at which the maximum 

load occurred for both the upward and downward directions, the absorbed energy was only 15% 

of the total energy absorbed, and at a drift ratio of 4% it was 50% of the total energy absorbed.   

The joint shear stress versus joint shear strain for test unit 1 is shown in Figure 4.5.  The 

maximum joint shear stress was 372 psi in the upward direction, which corresponds to a γ=5.3 

(psi).  The downward maximum joint shear stress was 780 psi with a corresponding γ=11.1 (psi).  

The joint shear strain at the maximum shear stress was 3480 µε in the upward direction and 1960 

µε in the downward direction. 
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Test #1 — 0.1f'cAg axial load
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Fig. 4.4  Unit 1:  cumulative energy dissipation 
 

Test #1 — 0.1f'cAg axial load
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Fig. 4.5  Unit 1:  joint shear stress versus joint shear strain 
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4.2.2 Test Unit 2 

The lateral load applied versus drift for unit 2 is shown in Figure 4.6.  The upward direction 

resistance is deficient because of the inadequate anchorage of the bottom beam bars of only 6 in. 

into the joint, as shown in Figure 2.1.  The maximum load in the upward direction occurred at a 

drift ratio of 1.48% and had a value of 28.3 kips; in the downward direction, the maximum load 

occurred at a drift of 1.52% and had a value of 42.7 kips.  The ratio between the lateral load 

capacity in the strong and weak directions is thus equal to 1.51, which is more favorable than the 

2.12 ratio obtained for test unit 1.  This indicates that the presence of the higher axial load was 

beneficial in preventing the early bond slip of the bottom reinforcement, even though the 

embedment was exactly the same for units 1 and 2, i.e., 6 in.     

Test #2 — 0.25f'cAg axial load
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Fig. 4.6  Unit 2:  lateral load versus drift ratio 

The flexural moment applied is compared to the theoretical moment capacity in Table 4.2 

for all test units.  Test unit 2 had an actual beam moment capacity of 56% of the theoretical in 

the upward direction and 83% in the downward direction.  Figure 4.7 shows the moment-rotation 

and the moment-plastic-rotation curves.  The plastic rotation at the peak moment in the upward 
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direction was 0.005 radian, and at the peak moment in the downward direction it was 0.006 

radian; the plastic rotation at 80% of the peak moment was 0.016 radian in the upward direction 

and 0.015 radian in the downward direction. 

Test #2 — 0.25f'cAg axial load
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Fig. 4.7  Unit 2:  moment-rotation and moment-plastic-rotation envelopes 

 

The column axial load for test unit 2 was set at a level of 0.25 f’cAg, which corresponds to 

a 307 kips compression load.  Variations in the level of axial load were unavoidable as shown in 

Figure 4.8; the axial load varied in the range of 97% to 110%.  However, there was no indication 

that test unit 2 reached its capacity because it could not support the axial compression load.  It is 

clear that the failure mode is again bond slip of the bottom bars; however, the presence of the 

increased axial load compression in the column brought the upward capacity close to the 

downward capacity. 
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Test #2 — 0.25f'cAg axial load
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Fig. 4.8  Unit 2: variation of axial compression column load 

 

The cumulative energy absorbed by test unit 2 is shown in Figure 4.9.  The total energy 

absorbed was 563 kip-in. at a drift ratio of 9%.  At a drift ratio of 1.5%, at which the maximum 

load occurred for both the upward and downward directions, the absorbed energy was only 14% 

of the total energy absorbed, and at a drift ratio of 4% it was 50% of the total energy absorbed.  

The energy absorption behavior is very similar to that of test unit 1.   

The joint shear stress versus joint shear strain for test unit 2 was not able to be 

determined due to the LVDTs malfunctioning during the test. 
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Test #2 — 0.25f'cAg axial load
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Fig. 4.9  Unit 2: cumulative energy dissipation 

 

4.2.3 Test Unit 3 

The lateral load applied versus drift for unit 3 is shown in Figure 4.10.  The upward direction 

resistance is similar to the downward, since the anchorage of the bottom beam bars was 14 in. 

into the joint, as shown in Figure 2.2.  The maximum load in the upward direction occurred at a 

drift ratio of 2.00% and had a value of 42.2 kips; in the downward direction, the maximum load 

occurred at a drift of 2.00% and had a value of 41.4 kips.  The ratio between the lateral load 

capacity in the two directions is thus equal to 1.02, which shows that the capacity in the upward 

and downward directions is almost the same.  This indicates that the 14 in. embedment with the 5 

in. overlap with the hook from the top bars was effective in providing anchorage to the bottom 

bars and preventing a premature bond slip.     
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Test #3 — 0.1f'cAg axial load
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Fig. 4.10  Unit 3:  lateral load versus drift ratio 

 

The flexural moment applied is compared to the theoretical moment capacity in Table 4.2 

for all test units.  Test unit 3 had an actual beam moment capacity of 83% of the theoretical in 

the upward direction and 81% in the downward direction.  Figure 4.11 shows the moment-

rotation and the moment-plastic-rotation curves.  The plastic rotation at the peak moment in the 

upward direction was 0.013 radian, and at the peak moment in the downward direction it was 

0.006 radian; the plastic rotation at 80% of the peak moment was 0.025 radian in the upward 

direction and 0.020 radian in the downward direction. 



 33

Test #3 — 0.1f'cAg axial load
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Fig. 4.11  Unit 3:  moment-rotation and moment-plastic-rotation envelopes 

 

The column axial load for test unit 3 was set at a level of 0.10 f’cAg, which corresponds to 

a 126 kips compression load.  Variations in the level of axial load were substantial as shown in 

Figure 4.12; the axial load varied in the range of 65% to 140%.  Shear failure of the joint was the 

primary failure mode.  The drop in axial load was 35%, so it is clear that test unit 3 reached its 

ultimate capacity because it could not support the axial compression load once the shear 

mechanism occurred.    
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Test #3 — 0.1f'cAg axial load
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Fig. 4.12  Unit 3:  variation of axial compression column load 

 

The cumulative energy absorbed by test unit 3 is shown in Figure 4.13.  The total energy 

absorbed was 683 kip-in. at a drift ratio of 9%.  At a drift ratio of 2.0%, at which the maximum 

load occurred for both the upward and downward directions, the absorbed energy was 21% of the 

total energy absorbed, and at a drift ratio of 4.5% it was 50% of the total energy absorbed.  The 

energy absorption is 22% higher compared to test unit 1.   

The joint shear stress versus joint shear strain for test unit 3 is shown in Figure 4.14. The 

maximum joint shear stress was 734 psi in the upward direction, which corresponds to a γ=10.6 

(psi).  The downward maximum joint shear stress was 720 psi with a corresponding γ=10.4 (psi).  

The joint shear strain at the maximum shear stress was 3250 µε in the upward direction and  

4270 µε in the downward direction. 
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Test #3 - 0.1f 'cAg axial load
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Fig. 4.13  Unit 3:  cumulative energy dissipation 

Test #3 — 0.1f'cAg axial load
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Fig. 4.14  Unit 3:  joint shear stress versus joint shear strain 
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4.2.4 Test Unit 4 

The lateral load applied versus drift for unit 4 is shown in Figure 4.15.  The upward direction 

resistance is similar to the downward, since the anchorage of the bottom beam bars was 14 in. 

into the joint, as shown in Figure 2.2.  The maximum load in the upward direction occurred at a 

drift ratio of 2.00% and had a value of 45.1 kips; in the downward direction, the maximum load 

occurred at a drift of 2.00% and had a value of 47.5 kips.  The ratio between the lateral load 

capacity in the two directions is thus equal to 1.05, which shows that the capacity in the upward 

and downward directions is almost the same.  This indicates that the 14 in. embedment with the 5 

in. overlap with the hook from the top bars was effective in providing anchorage to the bottom 

bars and preventing a premature bond slip; this was also observed in test unit 3.     

Test #4 — 0.25f'cAg axial load
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Fig. 4.15  Unit 4: lateral load versus drift ratio 

The flexural moment applied is compared to the theoretical moment capacity in Table 4.2 

for all test units.  Test unit 4 had an actual beam moment capacity of 87% of the theoretical in 

the upward direction and 93% in the downward direction; this is a better performance than unit 3 

and it shows the beneficial effect of the axial compression load in confining the joint concrete.  
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Figure 4.16 shows the moment-rotation and the moment-plastic-rotation curves.  The plastic 

rotation at the peak moment in the upward direction was 0.011 radian, and at the peak moment in 

the downward direction it was 0.012 radian; the plastic rotation at 80% of the peak moment was 

0.022 radian in the upward direction and 0.020 radian in the downward direction. 

Test #4 — 0.25f'cAg axial load
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Fig. 4.16  Unit 4:  moment-rotation and moment-plastic-rotation envelopes 

 

The column axial load for test unit 4 was set at a level of 0.25 f′cAg, which corresponds to 

a 316 kips compression load.  Every effort was made to maintain the axial load at this level 

throughout the test.  Variations in the level of axial load were substantial, as shown in Figure 

4.17; the axial load varied in the range of 76% to 113%.  The previous failure mechanism is joint 

shear, followed by loss of axial load capacity.  The drop in axial load was 24%, and it is clear 

that test unit 4 reached its ultimate capacity because it could not support the axial compression 

load.    
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Test #4 — 0.25f'cAg axial load
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Fig. 4.17  Unit 4:  variation of axial compression column load 

 

The cumulative energy absorbed by test unit 4 is shown in Figure 4.18.  The total energy 

absorbed was 470 kip-in. at a drift ratio of 5%.  At a drift ratio of 2.0%, at which the maximum 

load occurred for both the upward and downward directions, the absorbed energy was 29% of the 

total energy absorbed, and at a drift ratio of 3% it was 50% of the total energy absorbed.  It 

should be noted that test unit 4 shows that with the higher axial compression load, there was 

much less drift achieved in the test, approximately 56% that of unit 3.   

The joint shear stress versus joint shear strain for test unit 1 is shown in Figure 4.19.  The 

maximum joint shear stress was 794 psi in the upward direction, which corresponds to a γ=11.3 

(psi).  The downward maximum joint shear stress was 836 psi with a corresponding γ=11.9 (psi).  

The joint shear strain at the maximum shear stress was 2990 µε in the upward direction and 2220 

µε in the downward direction. 

316  kips  
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Test #4 — 0.25f'cAg axial load
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Fig. 4.18  Unit 4:  cumulative energy dissipation 
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Fig. 4.19  Unit 4:  joint shear stress versus joint shear strain 
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4.2.5 Test Unit 5 

The lateral load applied versus drift for unit 5 is shown in Figure 4.20.  The bottom beam bars 

have a hooked anchorage detail identical to the top bars in the joint, as shown in Figure 2.3.  The 

maximum load in the upward direction occurred at a drift ratio of 2.8% and had a value of 43.6 

kips; in the downward direction, the maximum load occurred at a drift of 2.0% and had a value 

of 38.2 kips.  The ratio between the lateral load capacity in the upward and downward directions 

is thus equal to 1.14 due to manufacturing tolerances of the test unit.      
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Fig. 4.20  Unit 5:  lateral load versus drift ratio 

 

The flexural moment applied is compared to the theoretical moment capacity in Table 4.2 

for all test units.  Test unit 5 had an actual beam moment capacity of 87% of the theoretical in 
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the upward direction and 75% in the downward direction.  Figure 4.21 shows the moment-

rotation and the moment-plastic-rotation curves.  The plastic rotation at the peak moment in the 

upward direction was 0.011 radian, and at the peak moment in the downward direction it was 

0.010 radian; the plastic rotation at 80% of the peak moment was 0.030 radian in the upward 

direction and 0.024 radian in the downward direction. 

Test #5 — 0.1f'cAg axial load
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Fig. 4.21  Unit 5:  moment-rotation and moment-plastic-rotation envelopes 

 

The column axial load for test unit 5 was set at a level of 0.10 f′cAg, which corresponds to 

118 kips compression load.  Variations in the level of axial load were unavoidable as shown in 

Figure 4.22; the axial load varied in the range of 79% to 149%.  The drop in axial load was 21% 

and unit 5 eventually lost its axial-load-carrying capacity.  It is clear that the primary failure 

mode is joint shear.  

 

 

UP 
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Test #5 — 0.1f'cAg axial load
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Fig. 4.22  Unit 5:  variation of axial compression column load 

 

The cumulative energy absorbed by test unit 5 is shown in Figure 4.23.  The total energy 

absorbed was 707 kip-in. at a drift ratio of 9%.  At a drift ratio of 2.5%, at which the maximum 

load occurred on average for the upward and downward directions, the absorbed energy was 

20% of the total energy absorbed, and at a drift ratio of 5% it was 50% of the total energy 

absorbed.  The energy absorption behavior of unit 5 was the highest of all six tests.  

The joint shear stress versus joint shear strain for test unit 5 is shown in Figure 4.24. The 

maximum joint shear stress was 766 psi in the upward direction, which corresponds to a γ=11.3 

(psi).  The downward maximum joint shear stress was 671 psi with a corresponding γ=9.9 (psi).  

The joint shear strain at the maximum shear stress was 5840 µε in the upward direction and 2890 

µε in the downward direction. 
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Test #5 — 0.1f'cAg axial load
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Fig. 4.23  Unit 5:  cumulative energy dissipation 

 
 

Fig. 4.24  Unit 5:  join stress versus joint shear strain 
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4.2.6 Test Unit 6 

The lateral load applied versus drift for unit 6 is shown in Figure 4.25.  The upward direction 

resistance is similar to the downward, since the anchorage of the bottom beam bars was identical 

to that of the top bars in the joint, as shown in Figure 2.3.  The maximum load in the upward 

direction occurred at a drift ratio of 3.00% and had a value of 44.4 kips; in the downward 

direction, the maximum load occurred at a drift of 2.00% and had a value of 43.1 kips.  The ratio 

between the lateral load capacity in the two directions is thus equal to 1.03, which shows that the 

capacity in the upward and downward directions is almost the same.   

Test #6 — 0.25f'cAg axial load
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Fig. 4.25  Unit 6: Lateral load versus drift ratio 

The flexural moment applied is compared to the theoretical moment capacity in Table 4.2 

for all test units.  Test unit 6 had an actual beam moment capacity of 87% of the theoretical in 

the upward direction and 84% in the downward direction.  Figure 4.26 shows the moment-

rotation and the moment-plastic-rotation curves.  The plastic rotation at the peak moment in the 

upward direction was 0.010 radian, and at the peak moment in the downward direction was also 

0.010 radian; the plastic rotation at 80% of the peak moment was 0.024 radian in the upward 
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direction and 0.024 radian in the downward direction as well.  Thus the upward and downward 

capacities and performance are very close. 

Test #6 — 0.25f'cAg axial load
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Fig. 4.26  Unit 6: Moment-rotation and moment-plastic-rotation envelopes 

 

The column axial load for test unit 6 was set at a level of 0.25 f′cAg, which corresponds to 

a 294 kips compression load.  Variations in the level of axial load were substantial as shown in 

Figure 4.27; the axial load varied in the range of 79% to 122%.  The drop in axial load was 21%; 

unit 6 eventually lost its axial-load-carrying capacity.  It is clear that the primary failure mode is 

joint shear.   
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Test #6 — 0.25f'cAg axial load
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Fig. 4.27  Unit 6:  variation of axial compression column load 

 

The cumulative energy absorbed by test unit 6 is shown in Figure 4.28.  The total energy 

absorbed was 597 kip-in. at a drift ratio of 7.6%, which was lower than that absorbed by unit 5; 

note also that the maximum drift reached was lower compared to unit 5 due to the higher axial 

load.  At a drift ratio of 2.5%, at which the maximum load occurred on average for the upward 

and downward directions, the absorbed energy was 25% of the total energy absorbed, and at a 

drift ratio of 4.0% it was 50% of the total energy absorbed.   

The joint shear stress versus joint shear strain for test unit 6 is shown in Figure 4.19. The 

maximum joint shear stress was 780 psi in the upward direction, which corresponds to a γ=11.5 

(psi).  The downward maximum joint shear stress was 759 psi with a corresponding γ=11.2 (psi).  

The joint shear strain at the maximum shear stress was 6270 µε in the upward direction and  

6830 µε in the downward direction. 
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Test #6 — 0.25f'cAg axial load
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Fig. 4.28  Unit 6:  cumulative energy dissipation 
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Fig. 4.29  Unit 6:  joint shear stress versus joint shear strain 
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Table 4.2  Theoretical and actual beam moment capacities 

Test  
Unit 

gc Af
P
'  

Theoretical Beam 
Moment Capacity

(kip-in.) 

Actual Moment 
Capacity —Upward 

(kip-in.) 

Actual Moment Capacity 
–—Downward 

(kip-in.) 
1 0.10 3024 1229 2600 
2 0.25 3024 1686 2508 
3 0.10 3024 2508 2460 
4 0.25 3024 2682 2826 
5 0.10 3024 2622 2268 
6 0.25 3024 2640 2550 

 



 

 

5 Performance-Based Evaluation 

5.1 DESCRIPTION OF PARAMETERS 

Existing performance-based evaluation methods include the FEMA 273 (BSSC 1997) 

descriptions for buildings and the performance-based categories developed as part of the Pacific 

Earthquake Engineering Research Center (PEER).  The PEER Bridge Performance Database was 

used as a guideline in evaluating the performance of the four exterior building joint specimens 

(Hose et al. 2000).  A five-level performance evaluation was performed 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, residual deformation index, equivalent viscous damping 

ratio, and effective stiffness ratio. Explicit procedures on how to calculate these parameters are 

given by Hose et al. (2000).  Several other parameters, in addition to those used for bridges, were 

evaluated for the six building joint units tested in this investigation.  They included joint strength 

coefficient γ,  cumulative dissipated energy, joint shear strain, lateral load, and crack width.  The 

joint strength coefficient was calculated as follows: 

 
c

xy

f '
τ

γ =  (5.1) 

where τxy = nominal joint shear stress and f′c = concrete compressive strength.  The cumulative 

dissipated energy was determined as the area under the force-displacement hysteresis curves.  

The joint shear strain was calculated from experimental LVDT strain data using plane strain 

transformation.  Lateral load was measured during the tests from the load cell attached between 

the hydraulic cylinder and the beam-loading collar.  Crack widths were marked and visually 
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measured during the tests.  A peak value for each parameter was calculated or measured for each 

cycle of each load step with the exception of crack width, which was measured only at the end of 

each load step.  These parameters were prepared for each test with the up and down loading 

directions considered separately.  These results are presented in Tables 5.1 through 5.12.  The 

values of the various parameters 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 exterior joints.  These levels were 

determined based on the evaluation and comparison of the previously tabulated parameters.  

After analysis of the six joint test units, the governing parameters for delineating between 

performance levels were found to be drift, plastic rotation, joint crack width, and the joint 

strength coefficient γ.  The type and extent of damage in the joint associated with each step was 

also used as a parameter for determining the performance levels.  The difference in axial 

compression load caused slight differences but did not affect the order or description of the 

performance levels.  The most significant factor was the difference in the detailing of test units 1 

and 2 versus 3, 4, 5, and 6, which caused different modes of failure.  Owing to the different 

modes of failure, two sets of performance levels were developed.   

For test units 1 and 2, Level I is the first yielding of longitudinal reinforcement, which 

was characterized by barely visible, initial cracking in the joint or no cracking at all.  Level II 

represents the full development of the bond-slip mechanism of the bottom beam bars in the joint.  

This level occurred at the peak lateral load and was characterized by cracking in the joint less 

than 0.01 in. wide.  Level III represents significant diagonal cracking in the joint ( > 0.02 in. 

wide) and the extension of these cracks into the column.  Level IV was characterized by the 

spalling of concrete at the corner of the joint where the bottom beam bars were slipping.  Level 

V is total loss of lateral-load-carrying capacity.   

For test units 3, 4, 5, and 6, Level I is also the first yielding of longitudinal reinforcement 

and was characterized by barely visible, initial cracking in the joint or no cracking at all.  Level 

II represents significant diagonal cracking in the joint ( > 0.02 in. wide) and the extension of 

these cracks into the column.  Level III represents the full development of the joint shear 

mechanism.  This level occurred at the peak lateral load and was characterized by extensive 

cracking in the joint and the extension of diagonal joint cracks into the column.  Level IV was 

characterized by the spalling of concrete in the core of the joint.  Level V is total loss of gravity-

load-carrying capacity.   

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

test unit in Tables 5.13 through 5.18.  Accompanying these tables are Figures 5.1 through 5.12, 
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which include performance levels marked on each joint’s respective hysteretic-envelope curve 

and photographic documentation of each joint at all five performance levels. 

It should be noted that these performance levels are based on only six joint tests.  The 

parameters are average values.  Further studies are needed to generalize the findings of this 

investigation and to determine the performance levels for higher axial load levels. 
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Table 5.13  Test #1 performance levels (0.1f′cAg)  
Level Performance 

Description 
Cycle Drift 

% 
Lateral 
Load 

kip (kN)

Plastic 
Rotation
radians 

γ 
psi (Mpa)

Crack 
Width 

in (mm) 
I First yield in 

longitudinal 
reinforcement 

(column) 

10 .75 18.4 (82) 0.002 4.6 (0.38) Hairline 

II Formation of 
bond slip 

mechanism 

16 1.5 20.7 (92) 0.016 5.2 (0.43) 0.008 
(0.2) 

III Significant 
cracking in joint, 

w > 0.02 in 
(0.5mm) 

19 2.0 18.3 (81) 0.010 4.6 (0.38) 0.04 (1.0)

IV Significant 
spalling of 

concrete at corner 

22 3.0 14.6 (65) 0.029 3.6 (0.30) 0.08 (2.0)

V Loss of lateral 
load 

28 7.0 5.6 (25) 0.078 1.7 (0.14) 0.30 (8.0)
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Fig. 5.1  Test #1 performance level identification curve Level II 

   

Level III Level IV Level V 

Fig. 5.2  Test #1 photo documentation of performance levels 
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Table 5.14  Test #2 performance levels (0.25f′cAg) 

Level Performance 
Description 

Cycle Drift 
% 

Lateral 
Load 

kip (kN)

Plastic 
Rotation
radians 

γ 
psi (Mpa)

Crack 
Width 

in (mm) 
I First yield in 

longitudinal 
reinforcement 

(beam) 

8 .50 18.9 (84) 0.000 4.7 (0.39) None 

II Formation of 
bond slip 

mechanism 

16 1.5 28.3 
(126) 

0.007 7.0 (0.58) 0.01 (0.3)

III Significant 
cracking in joint, 

w > 0.02 in 
(0.5mm) 

19 2.0 25.5 
(113) 

0.013 6.3 (0.53) 0.02 (0.5)

IV Significant 
spalling of 

concrete at corner 

22 3.0 17.9 (80) 0.025 4.5 (0.38) 0.10 (3.0)

V Loss of lateral 
load 

28 7.0 8.3 (37) 0.068 2.1 (0.18) > 0.10 
(3.0)  

 

  Level I 
Test #2 - 0.25f'cAg axial load
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Fig. 5.3  Test #2 performance level identification curve Level II 

   
Level III Level IV Level V 

Fig. 5.4  Test #2 photo documentation of performance levels 
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Table 5.15  Test #3 performance levels (0.1f′cAg) 

Level Performance 
Description 

Cycle Drift 
% 

Lateral  
Load 

kip (kN)

Plastic 
Rotation
radians 

γ 
psi (Mpa)

Crack 
Width 

in (mm)
I First yield in 

longitudinal 
reinforcement 

(beam) 

7 .50 20.8 (93) 0.0004 5.1 (0.43) Hairline

II Significant 
cracking in joint, 

w > 0.02 in 
(0.5mm) 

16 1.5 39.3 
(175) 

0.006 9.7 (0.81) 0.02 
(0.4) 

III Formation of joint 
shear mechanism 

19 2.0 42.2 
(188) 

0.011 10.4 (0.87) 0.05 
(1.3) 

IV Significant 
spalling of 

concrete in core 

25 5.0 30.0 
(133) 

0.044 7.4 (0.62) 0.1 (3.0)

V Loss of gravity 
load 

31 9.0 10.9 (48) 0.086 2.7 (0.23) >0.1 
(3.0)   

  Level I  
Test #3 - 0.1f'cAg axial load
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Fig. 5.5  Test #3 performance level identification curve Level II 
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Fig. 5.6  Test #3 photo documentation of performance levels 
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Table 5.16  Test #4 performance levels (0.25f′cAg) 

Level Performance 
Description 

Cycle Drift 
% 

Lateral 
Load 

Kip (kN)

Plastic 
Rotation
radians 

γ 
psi (Mpa)

Crack 
Width 

in (mm) 
I First yield in 

longitudinal 
reinforcement 

(beam) 

7 .50 19.3 (86) 0.000 4.7 (0.39) Hairline 

II Significant 
cracking in joint, 

w > 0.02 in 
(0.5mm) 

16 1.5 41.7 
(185) 

0.004 10.2 
(0.85) 

0.008 
(0.2) 

III Formation of 
joint shear 
mechanism 

19 2.0 45.1 
(201) 

0.008 11.1 
(0.93) 

0.04 (1.0)

IV Significant 
spalling of 

concrete in core 

25 5.0 30.5 
(136) 

0.043 7.5 (0.63) >0.1 (3.0)

V Loss of gravity 
load 

25 5.0 30.5 
(136) 

0.043 7.5 (0.63) >0.1 (3.0)
  
  Level I  

Test #4 - 0.25f'cAg axial load
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Fig. 5.7  Test #4 performance level identification curve Level II 
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Fig. 5.8  Test #4 photo documentation of performance levels 
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Table 5.17  Test #5 performance levels (0.1f′cAg) 

Level Performance 
Description 

Cycle Drift 
% 

Lateral  
Load 

Kip (kN)

Plastic 
Rotation
radians 

γ 
psi (Mpa)

Crack 
Width 

in (mm) 
I First yield in 

longitudinal 
reinforcement 

(column) 

16 1.5 34.5 (153) 0.004 8.8 (0.73) 0.02 (0.4)

II Significant 
cracking in joint, 

w > 0.02 in 
(0.5mm) 

19 2.0 38.2 (171) 0.008 9.7 (0.81) 0.025 (0.6)

III Formation of joint 
shear mechanism 

19 2.0 38.2 (171) 0.008 9.7 (0.81) 0.025 (0.6)

IV Significant 
spalling of 

concrete in core 

25 5.0 27.2 (121) 0.042 6.9 (0.58) >0.2 (5.0)

V Loss of gravity 
load 

31 9.0 9.5 (42) 0.086 2.4 (0.20) >0.2 (5.0)
  
  Level I 

Test #5 - 0.1f'cAg axial load
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Fig. 5.9  Test #5 performance level identification curve Level II 

   
Level III Level IV Level V 

Fig. 5.10  Test #5 photo documentation of performance levels 
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Table 5.18  Test #6 performance levels (0.25f′cAg) 

Level Performance 
Description 

Cycle Drift 
% 

Lateral  
Load 

Kip (kN)

Plastic 
Rotation
radians 

γ 
psi (Mpa)

Crack 
Width 

in (mm) 
I First yield in 

longitudinal 
reinforcement 

(beam) 

7 0.5 19.4 (86) 0.000 4.9 (0.41) Hairline 

II Significant 
cracking in joint, 

w > 0.02 in 
(0.5mm) 

16 1.5 39.1 (174) 0.004 10.0 (0.83) 0.01 (0.3)

III Formation of joint 
shear mechanism 

19 2.0 43.1 (192) 0.008 11.0 (0.92) 0.02 (0.5)

IV Significant 
spalling of 

concrete in core 

25 5.0 30.1 (134) 0.042 7.7 (0.64) 0.3 (8.0)

V Loss of gravity 
load 

28 7.0 16.7 (74) 0.065 4.2 (0.35) >0.3 (8.0)
 

 

  Level I 
Test #6 - 0.25f'cAg axial load
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Fig. 5.11  Test #6 performance level identification curve Level II 
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Fig. 5.12  Test #6 photo documentation of performance levels 
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5.3 BOND SLIP 

Bond slip of the bottom beam bars was measured during tests 1, 2, 3, and 4.  Owing to a 

malfunction in the instrumentation, no data were obtained from test 1.  The results from test 2 are 

shown in Figure 5.13 plotted against plastic rotation.  Positive bar pullout is in the direction 

toward the beam, while negative is toward the back face of the column.  A maximum bottom 

beam bar pullout of 0.67 in. was measured in the upward direction at the end of load step number 

9 at a plastic shear angle of 0.054 radian (5.0% drift).  Data were unable to be measured beyond 

step 9 since the back face of the column had spalled off due to the 0.25f′cAg axial compression 

load, and the instrument was in danger of being damaged.  This was also the case for test 4. 

Test #2 - 0.25f'cAg axial load
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Fig. 5.13  Unit 2: plastic rotation versus bottom beam bar pullout 

 

Since test 3 had 0.1f′cAg axial compression load, and instruments were not in danger of 

damage from spalling, bar pullout was measured to load step number 10.  Corresponding to this 

step at a shear angle of 0.077 (7.0% drift) is 1.44 in. of bottom beam bar pullout in the upward 

direction as seen in Figure 5.14. 
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Test #3 - 0.1f'cAg axial load
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Fig. 5.14  Unit 3: plastic rotation versus bottom beam bar pullout 

 

Bottom beam bar pullout in test 4 was measured until the second cycle of load step 9.  At 

a plastic rotation of 0.052 (5.0% drift) the bar slipped 0.363 in. in the upward direction.  This is 

shown in Figure 5.15.   
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Test #4 - 0.25f'cAg axial load
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Fig.  5.15  Unit 4: plastic rotation versus bottom beam bar pullout 

 

Comparison between the three tests can be made by examining the bottom beam bar 

pullout for each test at the second cycle of load step number 9.  For test 2 at this cycle in the 

upward direction, the bond slip was 0.575 in.  The bond slip for test 3 at this cycle was 0.595 in. 

and for test 4 it was 0.363 in.  The values for tests 2 and 3 are very close.  It appears that loading 

an exterior joint to 0.25f′cAg that has 6 in. of bottom beam bar embedment has the same effect on 

bar pullout as that of an exterior joint with only 0.1f′cAg and 14 in. of bottom beam bar 

embedment.  Also noteworthy is the difference that axial load makes on two joints with identical 

details.  Owing to the increased axial compression load, the bottom beam bar pullout of test 4 at 

cycle 2 of step 9 was only 0.363 in.; a decrease of 39% compared to test 3.   
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5.4 COMPARISON WITH FEMA 273 AND ACI 352 

The test results were compared with the FEMA 273 (BSSC 1997) modeling parameters for RC 

beam-column joints.  Specifically, the shear deformation angle parameters at the end of the peak 

strength, d, and at the collapse level, e, and the residual strength ratio, c, as defined in Figure 

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

axial load ratio of 0.25 f′cAg; however, Table 5.19 shows that for an axial load ratio of 0.1f’
cAg, 

the FEMA Guidelines are conservative. 

Shear Angle

Q
/Q

C
E

d
e

c

1.0

 

Fig. 5.16  FEMA modeling parameters 

Table 5.19  Modeling parameters for specimens in comparison with FEMA 273 

Test # P/f’
cAg 1 Transverse 

Reinforcement V/Vn 2 d e c 5 

1 0.10   NC 3 0.88 0.010 0.030 0.488 
2 0.25   NC 3 1.20 0.010 0.030 0.514 

FEMA 273 ≤ 0.1   NC 4 ≤ 1.2 0.005 0.010 0.200 
3 0.10 NC 1.73 0.015 0.050 0.341 
4 0.25 NC 1.89 0.020 0.050 0.300 
5 0.10 NC 1.65 0.020 0.084 0.200 
6 0.25 NC 1.87 0.020 0.067 0.200 

FEMA 273 ≤ 0.1   NC 4 ≥ 1.5 0.005 0.010 0.200 
1 ratio of the axial column load to the cross-sectional area of the joint and concrete compressive strength 
2 ratio 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 
3 nonconforming details; no hoops within the joint 
4 nonconforming details; see Table 6-8 footnote 1 of FEMA 273 
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In terms of the shear strength coefficient, γ, the FEMA 273 guidelines suggest a value of 

γ = 6 (psi) for corner joints (exterior joints without transverse beams).  This is comparable to the 

joints with 6″ bottom bar embedment but conservative for the rest of the test units.  For test unit 

1 (0.10f′cAg) with γ = 5.2 (psi) the FEMA guidelines are slightly unconservative.  When axial 

load is increased to 0.25f′cAg, as in test unit 2, γ = 7.0 (psi), and the FEMA guidelines become 

slightly conservative.  The test units with 14 in. of bottom bar embedment and those that hooked 

performed very similarly.  Test units 3 and 5, both with 0.1f′cAg, had an average maximum 

coefficient γ = 10.0 (psi), while tests #5 and #6 (0.25f′cAg) had a  γ = 11.0 (psi) nearly twice that 

given by FEMA. 

The exterior joints tested for this research do not qualify as either Type 1 or Type 2 joints 

per ACI 352 (ACI 1991), since the reinforcement is similar to Type 1 but the loading is of Type 

2.  When comparing the results for the shear strength coefficient obtained in this research to the 

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

that nonductile joints without hoop steel in the joint do not meet the Type 2 joint design value.  

This is true for the exterior joints tested here with the reinforcement details described, regardless 

of the axial column load level. 

 

5.5 LIMIT STATES MODEL 

The five performance levels developed in Figures 5.17 through 5.20 are best suited for an 

evaluation of experimental results.  However, for the construction of a limit states model for 

design, it can be seen that only three parameters are sufficient to describe the behavior of RC 

exterior joints: plastic rotation, joint shear strength coefficient, and crack width.  The results 

obtained for the two test units with 6″ bottom beam bar embedment are shown in Figure 5.17 for 

the joint strength coefficient, γ, and in Figure 5.18 for the crack width.  Figure 5.17 indicates that 

a sequence of steel yielding followed by the formation of a bond-slip mechanism, joint cracking, 

spalling concrete, and loss of lateral load is representative of these two tests.  Figure 5.18, which 

has a logarithmic vertical axis, indicates that the crack width is an exponential function of the 

drift. 
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Fig. 5.17  Limit states model for exterior joint units 1 and 2 
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Fig. 5.18  Crack width model for exterior joint units 1 and 2 
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The limit states are different for the other exterior joint units 3, 4, 5, and 6.  The sequence 

for these units is steel yielding, followed by joint cracking, the formation of a joint shear 

mechanism, spalling of concrete, and loss of gravity load.  The behavior of these four tests is 

shown in Figure 5.19.  The crack width relationship with drift is exponential, as shown in Figure 

5.20.   
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Fig. 5.19  Limit states model for exterior joint units 3, 4, 5, and 6 
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Exterior Joint Units 3, 4, 5, and 6
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Fig. 5.20  Crack width model for exterior joint units 3, 4, 5, and 6 

The limit states model could be used for performance evaluation of RC joints after an 

earthquake.  From knowledge of the joint detailing, the axial load, and measurement of the crack 

width, Figure 5.18 or 5.20 could be used to estimate the corresponding plastic rotation; then by 

using Figure 5.17 or 5.19, the joint shear strength coefficient could be obtained which 

corresponds to the remaining shear capacity of the joint.  
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5.6 PROPOSED NEW MODELING CRITERIA FOR EXTERIOR JOINTS 
WITH SUBSTANDARD DETAILS 

 
The FEMA 273 (1997) document contains modeling parameters for RC concrete beam-column 

joints  (Table 6-8).  These criteria are evaluated based on the shear angle and a residual strength 

ratio.  The shear angle is given in terms of quantities d and e, as shown in Figure 5.21, which also 

shows the residual strength ratio, c.  It should be noted that the FEMA 356 (2000) document has a 

table similar to the one in FEMA 273; however, the quantities d and e are specified as plastic shear 

angles (Table 6-9).   
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Fig. 5.21  FEMA 273 generalized deformation relation 
 
 
The data from the six units tested in the present research study do not support the information 

conveyed by Figure 5.21.  Instead, depending on the failure mode of the joints, i.e., bond slip or 

shear failure, the generalized deformation relation varies as shown in Figure 5.22.  In addition, the 

expression of the modeling parameters in terms of d, e, and c does not seem to satisfy the 

generalized deformation relations obtained in this study.  Four parameters are used to establish the 

new modeling criteria: P1, P2, P3, and P4, which are defined as follows: 

d
e

c 
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     P1 = Lateral Load Resistance value at yield 
     P2 = Peak value of Lateral Load Resistance 
     P3 = Sudden Reduction in Lateral Load Resistance 
     P4 = Residual Strength Ratio  
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Fig. 5.22  Proposed generalized deformation relations for exterior beam-column joints 
 
 

Adopting the definitions shown in Figure 5.22, the following data are obtained from the test 

units as shown in Figure 5.23 for the bond-slip failure mode (units 1 and 2), and Figure 5.24 for the 

shear failure mode (units 3, 4, 5, and 6).  The data are also shown in tabular form in Table 5.20.  

Note that in addition to the shear angle, the plastic shear angle (plastic rotation) is also provided in 

Table 5.20.  Finally, from the six units tested in this research an alternate table is proposed for 

modeling parameters similar to Table 6-8 of FEMA 273; this is provided in Table 5.21, which 

should be used in conjunction with Figure 5.20. 
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6 Strut-and-Tie-Model 

Over the past few decades the design of concrete structures has changed dramatically.  

Improvements to codes were implemented for the design of concrete structures based on 

extensive testing, including the effects of seismic loading.  The design of concrete structures in 

the 1960s did not consider these effects in the details that are currently required by codes.  One 

big difference in the 1960s’ design is the absence of steel hoops in the beam-column 

connections.  Several types of buildings were built with no steel hoops through the joint in this 

era, and with various vertical and horizontal reinforcement details through the joint.  It is now 

important to re-evaluate these buildings to determine their adequacy in a seismic event.  

The design of RC joints is very difficult to model using traditional stress-strain 

relationships, or even using finite element analysis techniques.  However, strut-and-tie models, a 

relatively new design method, may provide a much more accurate model of the joint.  Recently, 

several strut-and-tie models have been developed for various types of beam-column concrete 

joints (Ali and White 2001, Lowes and Moehle 1999, Hwang and Lee 1999).  These models have 

been developed for joints designed to meet current codes, which consider the benefit of steel 

hoops in the joint; thus they are not suitable for the evaluation of existing joints with substandard 

reinforcement details.  In these cases, there is a need for a somewhat different strut-and-tie model 

to be developed. The strut-and-tie model developed here is verified by the experimental results 

obtained in the present study. 

 

6.1 OBJECTIVE 

The purpose of this chapter is to develop a strut-and-tie model for one of the beam-column joints 

tested in the present research.  Six beam-column joints with three different reinforcement details 

based on 1960’s construction were tested.  Each of the three different joint types was tested at 

levels of 10% and 25% of the axial load capacity of the column section.  A strut-and-tie model 
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was developed for test unit 6, with the reinforcement detail shown in Figure 6.1, at 25% axial 

load.   

 

Fig. 6.1  Joint detail for test unit 6 
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6.2 TEST UNIT 

The joint shown in Figure 6.1 has reinforcement details meeting the requirements of the 1963 

ACI Code.  This detail represents a very good design for that time due to the large hooks that 

connect the beam to the column.  This detail was used to develop the strut-and-tie model 

discussed in this Chapter.  The concrete compressive strength used in the analysis was f′c = 4,496 

psi, obtained from tests of three cylinders just prior to testing the joint.  The yield stress of the 

various sizes of steel bars was also obtained from tests and is shown in Table 2.2.  

The column was subjected to a static axial load of A = 280 kips, and the beam was cycled 

up and down in a quasi-static cyclic fashion until failure occurred.  The maximum load carried 

by the joint during the experiment was P = 42 kips.  The location of axial load, A, and lateral 

load, P, is shown in Figure 6.2, which also shows the test setup.  The strut-and-tie model 

developed was based on the upward stroke.  The results for the downward stroke are the same 

due to the symmetry of the joint.   

 
 

Fig. 6.2  Test setup 

 
 

(P)

(A
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6.3 MODEL DEVELOPMENT 
 
The first step in developing the strut-and-tie model was to determine and isolate the 

discontinuity, or “D-region,” as shown in Figure 6.3.  The D-region is considered to be the 

section where a discontinuity exists due to a change in geometry or where severe loading exists.  

It is bound by the column hoop steel immediately above and below the joint core and the four 

faces of the column.      

 
 

Fig. 6.3  Discontinuity region 

 
 The second step was to determine the forces acting on the boundary of the D-region.  

This was a very important step in the development process.  In order to determine how the axial 

load (A) and beam lateral load (P) might be acting on the surface of the D-region, a strut-and-tie 

model was developed first for the entire specimen excluding the D-region, as shown in Figure 

P 



 89

6.4.  This model was simple to develop due to the continuity of stresses outside the D-region.  It 

also gave a good idea of how the loads (A) and (P) were acting on the D-region, as shown in 

Figure 6.3.  Once the boundary conditions were defined, that is the forces acting on the boundary 

of the D-Region in terms of (A) and (P), the truss for the strut-and-tie model of the joint could 

be drawn.   

 

A+P

A

.429 P

D-Region

.429 P

Struts
Ties

P

 

Fig. 6.4  Truss model 
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 The truss for the strut-and-tie model of the joint was difficult to construct, mostly due to 

the lack of stirrups in the joint.  Several different strut-and tie truss models were attempted until 

an optimal model was developed.  The strut-and-tie truss that was developed is different from 

other trusses used in a joint of this type of geometry in several ways.  One difference is that the 

truss extends outside of the joint to the nearest steel tie, which is 4″ outside the joint.  Another 

difference is the use of three major diagonal struts (compression members) through the joint.  

These struts were developed to model the confining effect of the large steel hooks located within 

the joint.    

 The final strut-and-tie model developed is shown in Figure 6.5.  The solid lines represent 

tension ties, whereas the dotted lines represent compression struts.  The angles of struts 10, 11, 

and 12 from the horizontal are 59.7˚, 41.7˚, and 30.3˚, respectively.   

 

θ2

 

Fig. 6.5  Member and joint numbers of strut-and-tie model 

 

It was important to develop a model that captured the failure mechanism observed in the 

actual test unit.  A comparison of the strut-and-tie model of Figure 6.5, with both the up and 

down loading superimposed, and the actual joint from the test was made before major spalling of 
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the concrete had occurred. As Figure 6.6 shows, the cracking through the joint is similar to the 

orientation of the struts in the strut-and-tie model, and it extends outside the joint to the nearest 

steel tie.  This was the first evidence that the strut-and-tie model developed would provide a 

good representation of the performance obtained from test unit 6.   

 

 

Figure 6.6.  Comparison of truss model to actual joint cracks 

  

With the strut-and-tie truss model developed, the strut and tie forces could now be 

calculated.  It was assumed that on the upstroke at the ultimate beam lateral load (P), member #1 

yields (member #5 on the down stroke); test results confirm this assumption.  This led to a 

statically determinate truss that was solved in terms of the axial load (A) and the beam lateral 

load (P).  Table 6.1 lists the member forces in symbolic form and based on the 280 kips axial 

load and 42 kips beam lateral load.  The table also lists the compression strut widths and the 

effective compressive strength of the concrete (fce).  
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Table 6.1  Member forces and strut widths based on ultimate lateral beam load 

Member Symbolic Member  
Force  

fce  
(psi) 

Force 
(kips)†

 
 

Strut Width 
(in.) † 

1 F1
* -- +27.2 -- 

2 5.256P -- +220.8 -- 

3 4.543P – 1.297F1 -- +155.42 -- 

4 7.316P – 7.564F1 -- +100.93 -- 

5 0.429P -- +18.0 -- 

6 0.5A + 2.943P 3520 -263.6 3.39 

7 0.480P 2290 -20.2 0.55 

8 0.5A – 2.158P 2290 -49.4 0.877 

9 0.5A – 2.443P – 0.857F1 3520 -14.02 0.220 

10 2.481P + 0.284F1 2290 -112.0 3.07 

11 1.670P + 3.033F1 2290 -152.88 4.33 

12 2.697P – 2.788F1 2290 -37.22 0.87 

 13 0.5A – 2.443P – 0.857F1 3520 -14.02 0.22 

14 1.317F1 2290 -35.93 1.05 

15 8.634F1 – 3.707P 2290 -79.84 2.62 

16 0.5A + 6.125P – 8.576F1 2290 -163.30 1.33 

 

 *F1 = As fy                                                      
  P = Lateral Beam Load (assumed as 42 kips) 
  A = Axial Load (Assumed as 280 kips) 
† Based on P = 42 kips and A = 280 kips 
+ = tension tie 
- = compression strut
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6.4 EVALUATION OF TRUSS  
 
The first members analyzed were the ties, or the tension members.  Failure of the ties would 

indicate a more ductile behavior of the joint, which is the most desirable failure mode.  The force 

required to yield each of the ties was determined using the simple relationship: F = fyAs, thus 

ignoring any strain hardening effects.  These forces are listed in Table 6.1.  Only one of the ties 

in this model reached the yield stress; therefore the ties were not the primary cause of failure.  

The only exception is member number 1, in the up stroke, which was assumed to yield; this was 

confirmed from the test of unit 6. 

 The other failure modes examined were crushing of the struts, i.e., the concrete 

compression members, and crushing of the nodes.  The first step in determining the capacity of 

the struts is to determine the effective compressive strength of the struts.  The allowable stress 

was determined using the method outlined by MacGregor (1997).  In this method, which is very 

similar to the method outlined in the ACI code (Concrete International 2001), the effective 

compressive strength of the concrete (fce) is determined using the following: 

 

 ff cce  
'

21νν=  (6.1) 

 
f

ν
c
'

1555.02 +=  (6.2) 

where f′c is in psi units.  The value of ν1 varies, depending on the type of strut or node being 

examined.  For uncracked uniaxially stressed struts ν1 = 1.0.   For struts cracked longitudinally 

due to bottle-shaped stress fields without transverse reinforcement ν1 = 0.65.  Only strut members 

6, 9, and 13 (see Fig. 6.5 for locations of members) were modeled as uncracked uniaxially 

stressed struts.  These members are located at the interface between the column and the beam, 

which confines the struts and reduces the development of bottle-shaped stress fields.  Strut 

members 7, 8, 10, 11, 12, 14, 15, and 16 were modeled as struts cracked longitudinally due to 

bottle-shaped stress fields.  This is a conservative approach, especially for members 10, 11, and 

12 because the hooks in the joint help to confine these members in the transverse direction.  

However, the hooks do not constrain these struts in the plane perpendicular to the hooks.  The 

test of unit 6 showed that there was a large amount of concrete spalling in this plane.      
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 For the node calculations, ν1 = 1.0 for nodes with only compression struts (node 3 in Fig. 

6.5), 0.85 for nodes with two or more struts and one tie (nodes 1, 2, 4, 8, and 9 in Fig. 6.5), and 

0.75 for nodes with two or more ties (nodes 5, 6, and 7 in Fig. 6.5).  Based on these values for 

ν1 and the value of ν2 from equation (6.2), the effective compressive strength, (fce), of each node 

and compression strut was calculated, as shown in Table 6.1.   

 Once the strut widths have been calculated, a detailed drawing of the model can be drawn 

to determine the size of the nodes, and also areas of the joint where the struts fail due to 

overlapping.  As can be seen in Figure 6.7, compression struts 10, 11, and 12 overlap each other 

when drawn to scale.  The same overlapping can be seen between compression struts 15 and 16.  

In these overlapping areas we know the effective concrete strength is exceeded and the concrete 

will crush.   

 It can also be seen in Figure 6.7 that node 3 has the most critical loading on the diagonal 

face, where the three diagonal compression struts (10, 11, and 12) come together.  In order to 

determine the stress on this node, the forces from compression struts 10 and 12 were resolved 

into components parallel and perpendicular to strut 11.  The forces acting on the diagonal face of 

joint 3 were then calculated as the sum of the forces of the three diagonal members acting in the 

direction of strut 11.  The net force acting on the diagonal face of node 3 was determined to be 

296 kips, which results in a stress of 4490 psi.  The effective compression strength of this node is 

3522 psi, based on equations (6.1) and (6.2), which clearly indicates that the node fails by 

crushing of the concrete.    
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Fig. 6.7  Strut-and-tie model failure mode showing strut widths  

 

Based on the initial analysis outlined in this paper the critical areas are nodes 3, 4, 5, and 

6, and struts 10, 11, 12, 15, and 16.  By using the experimental lateral load of 42 kips, it can be 

observed from Figure 6.7 that struts 10, 11, and 12 overlap and that nodes 4, 5, and 6 also 

overlap.  It is therefore likely that crushing of the struts within the hooks caused failure.     

 The strut-and-tie model shown in Figure 6.7 is a good representation of the joint and 

simulates the results for test unit 6 in a satisfactory manner.  The failure zones shown in Figure 

6.7 correlate well with the failure zones of the actual joint.  It was also observed that massive 

spalling of the concrete occurred within the hooks, and as much as 3 in. of concrete fell from the 

joint within the area of the hooks on each side of the beam.     



 

7 Conclusions 

The present investigation is concerned with the assessment of RC building exterior joints with 

substandard details.  The six test units were full-scale models of typical exterior beam-column 

joints in RC buildings built in the United States and other countries prior to 1970.  The joint 

details were substandard compared to current seismic codes in the following areas: (a) there was 

no transverse reinforcement in the joints, (b) the beam depth to column bar ratio was less than 

the recommended value, (c) the development length for the bottom beam bars was less than the 

required length for four of the test units, and (d) column bars were present only on two faces of 

the joint and were not distributed around the joint perimeter.  However, all units satisfied the 

requirement for column to beam flexural ratio, and the top beam reinforcement into the joint 

satisfied bar anchorage requirements.     

The research has shown that there are primarily two failure modes related to joints with 

the substandard details described above: (a) a bond-slip failure mode, and (b) a joint shear failure 

mode.  Two of the units tested (units 1 and 2) exhibited a bond slip failure mode and the 

remaining four units (units 3 to 6) exhibited a joint shear failure mode.   

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 unit 1 with a bond-slip failure mode and an 

axial column load of 0.1f′cAg,the value of γ was 5.2 (psi); for unit 2 with an axial column load of 

0.25f′cAg,the value of γ was 7.0 (psi), an increase of 35 percent.  For units 3 and 5 with a joint 

shear failure mode and an axial column load of 0.1f’cAg, the value of γ was 10.2 (psi) and 9.7 

(psi) respectively; for units 4 and 6 with an axial column load of 0.25f′cAg,the value of γ was 

11.7 (psi), and 11.0 (psi), respectively; this is an increase of 15 percent for the units with the 

higher axial column load.  The FEMA 273 (BSSC 1997) joint shear strength coefficient is given 

as γ = 6 (psi) for existing exterior joints without transverse beams, which is seen to be very 

conservative except for unit 1 with the lower column axial load and the bond-slip failure mode.  
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The ACI 352 (1991) joint shear strength coefficient for new Type II exterior joints is given as γ = 

12 (psi), which was not reached by any of the units tested in this research regardless of the level 

of column axial load.       

The average value of the joint shear strain for units 1 and 2, exhibiting the bond-slip 

failure mode, at the peak lateral load was 0.0035; the maximum measured joint shear strain was 

0.0227.  The average value of the joint shear strain for units 3-6, exhibiting the joint shear failure 

mode, at the peak lateral load was 0.0033; the maximum measured joint shear strain was 0.0242.   

The principal tensile stress in the joint for unit 1 with a bond-slip failure mode and axial 

column load of 0.1f′cAg was 10.3√f′c (psi); for unit 2 with an axial column load of 0.25f′cAg the 

principal tensile stress was 22.4√f′c (psi), an increase of 117 percent.  For units 3 and 5 with a 

joint shear failure mode and an axial column load of 0.1f′cAg,the average value of the principal 

tensile stress was 14.3√f′c (psi); for units 4 and 6 with an axial column load of 0.25f′cAg,the 

average value of the principal tensile stress was 24.2√f′c (psi); this is an increase of 69 percent 

for the units with the higher axial column load.   

The plastic shear angle at peak lateral load for the joint for all units tested was 0.01 (rad); 

for unit 1 with a bond-slip failure mode and axial column load of 0.1f′cAg, the plastic shear angle 

after sudden reduction of the lateral load was 0.03 (rad); for unit 2 with an axial column load of 

0.25f′cAg the corresponding plastic shear angle was 0.02 (rad).  For units 3 to 6 with a joint shear 

failure mode, regardless of the level of the axial column load, the average value of the plastic 

shear angle after sudden reduction of the lateral load was 0.04 (rad). 

The displacement ductility ratios of unit 1 (0.1f′cAg) and unit 2 (0.25f′cAg) with the bond-

lip failure mode were 3.9 and 2.9, respectively; for units 3 and 5 with the joint shear failure mode 

and axial column load of 0.1f′cAg, the displacement ductility ratio was 1.9, and for units 4 and 6 

with axial column load of 0.25f′cAg, the displacement ductility ratio was 1.8.  In addition, units 3 

to 6 with the joint shear failure mode had a cumulative displacement ductility of 31% to 39% 

smaller than units 1 and 2 with the bond-slip failure mode.   

The units with 0.10f′cAg column axial load that failed by joint shear had a 24% higher 

hysteretic energy dissipation compared to unit 1 that failed by a bond-slip mechanism.  The units 

with 0.25f′cAg column axial load that failed by joint shear had the same hysteretic energy 

dissipation compared to unit 2 that failed by a bond-slip mechanism.   

For each of the two failure modes of bond slip and joint shear five performance levels 

were identified.  For units 1 and 2 with the bond-slip failure mode the following performance 
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levels were identified: (I) first yield of the reinforcement, (II) formation of the bond-slip 

mechanism, (III) cracking in the joint, (IV) spalling of concrete at the corner of the joint where 

bond slip occurs, and (V) loss of lateral load capacity.  For units 3 to 6 with the joint shear failure 

mode the following performance levels were identified: (I) first yield of the reinforcement, (II) 

cracking in the joint, (III) formation of the joint shear mechanism, (IV) spalling of concrete at the 

joint core, and (V) loss of gravity load capacity.  The above performance levels were used to 

identify corresponding limit states, which were delineated in terms of joint strength coefficient 

versus plastic rotation and crack width versus plastic rotation for both the bond-slip failure mode 

and the joint shear failure mode.   

It can be observed that the presence of the higher axial load was beneficial in terms of the 

joint strength coefficient and principal tensile stress, but was detrimental for displacement 

ductility and energy dissipation.  The four units (units 3 to 6) with the joint shear failure mode 

failed at the end of the test due to loss of the column axial compression load capacity.  The 

remaining two units (units 1 and 2) with the bond-slip failure mode failed at the end of the test 

due to the loss of lateral load capacity.  The units that had a bond-slip failure mode had a lower 

joint strength coefficient, ultimate plastic shear angle, principal tensile stress, and energy 

dissipation than the units with the joint shear failure mode.  

A strut-and-tie model was developed for units 5 and 6 of the experimental program.  The 

analytical model is unique in that it incorporates bent bars in the beam-column joint.  The tensile 

tie elements that were used to represent the bent bars in the beam-column joint were idealized by 

linear chord segments.  Correlation with experimental values of the lateral load and column 

compression axial load was excellent.      

This research has resulted in a recommendation for new modeling criteria for exterior 

concrete joints with substandard details based on either a bond-slip failure model or a joint shear 

failure model.  In the opinion of the authors, the proposed modeling criteria for exterior joints 

that are prone to either bond-slip or shear failure modes capture the characteristics of the units 

tested in this research in a more satisfactory manner than do the current FEMA 273 (1997) 

modeling criteria.    
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