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ABSTRACT 

Four full-size statically indeterminate rein

forced concrete frames with two symmetrical bays were 

tested to obtain sufficient data to evaluate the adequacy 

of the current ACI-ASCE Committee 352 design recommenda

tions, as well as to determine whether a relaxation of some 

of the limits in these guidelines can be justified. Each 

specimen contained three 8.5-foot-long columns, connected 

at mid-height by two 9-foot-long beams. Initially, a 

constant axial load was applied to each column. The 

specimens were then subjected to a displacement-controlled 

loading schedule to simulate the type of displacements a 

frame may experience during a severe earthquake. 

In designing the specimens, the latest recommen

dations of the ACI-ASCE Committee 352 and the ACI building 

code ACI 318-83 were satisfied except for the following 

modifications: (1) the flexural strength ratio (MR) in the 

second specimen was reduced from 1.4 to 1.2, (2) the shear

stress factors (y) in the joints of the third specimen were 

increased from 12 and 15 to 15 and 20 for the exterior and 

interior joints respectively, and (3) the number of the 

transverse reinforcement inside the right exterior joint in 

the fourth specimen was reduced from 4 to 2 sets of hoops. 

xxvii 
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The conclusion inferred from the results 

indicate that for drift levels within the elastic range, 

the elongations and the rotations of the beam regions near 

the faces of the columns, in addition to the joint shear 

strains, were not affected by the design values for the 

primary variables in the last three specimens. For larger 

excursions into the inelastic range, the relaxation of the 

current Committee 352 design recommendations in the last 

three specimens not only showed a significant effect in 

reducing the elongations and the rotations of the beams, or 

in increasing the joint shear strains but led to lower 

energy dissipation of the specimens. Consequently, the 

current design guidelines by the ACI-ASCE Committee 352 

yield statically indeterminate frames which exhibit 

sufficient ductility. 



CHAPTER 1 

INTRODUCTION 

1.1 General 

The behavior of reinforced concrete frames and, in 

particular, beam-to-column connections within those frames, 

is a crucial aspect of contemporary design for earthquake

resistant structures. Thus, considerable attention has 

been paid to the behavior of such frames designed to with-

stand sizable seismic forces. The design of reinforced 

concrete buildings for gravity loads causes no serious 

problems. However, during severe earthquakes, large 

inertia forces can be generated due to the large mass of 

the structures; the elastic response of the structures is 

usually exceeded and the beam-to-column connections can 

become the most critical elements in the structure. There

fore, the survival of the building during an earthquake is 

closely related to the ability of the structure to offer 

specific ductility (capacity to deform plastically) without 

losing significant strength and to dissipate earthquake 

energy effectively (1). 

Due to the unpredictability of the input forces 

during an earthquake, it is impossible to evaluate the 

behavior of a reinforced concrete frame in advance. Hence, 

1 
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to ensure satisfactory inelastic response of a reinforced 

concrete buildings during an earthquake, the ACI-ASCE 

Committee 352 (2), hereafter referred to as the recommenda

tions, encourage the concept of a "weak beam-strong column" 

as a means of achieving sufficient ductility by formation 

of plastic hinges in the beams rather than in the columns. 

It is also recognized that column hinging may result in 

large lateral displacements in the frame which may lead to 

the collapse of the structure. Since the full flexural 

capacity of the beams is to be developed near the column 

faces, slippage of the beam and the column longitudinal 

bars passing through the connections has been limited, and 

proper design and detailing of the weakest link of the 

connected members (i.e. joints) has been specified. 

Current recommendations for the design of beam

column connections (2) have been obtained almost entirely 

from tests of isolated beam-to-column subassemblages. In 

most of these studies, the test specimens consisted of 

exterior or interior determinate beam-column subassemblies 

which were typically subjected to several cycles of inelas-

tic deformation. In a real building, statically indeter-

minate frames with more than one joint exist and formation 

of a plastic hinge allows a subsequent force redistribution 

until yielding is reached at a sufficient number of other 

members to form a collapse mechanism (3). Adqitionally, 
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tests on scale models of moment resisting frames showed 

that structures incorporating beam-column joints that had 

shown significant deterioration of stiffness and strength 

when tested as subassemblages, behaved well when used as 

parts of frames (4). Therefore, performing· tests on full

sc~le frames with more than one joint is essential to 

verify and simplify (if possible) the existing seismic 

recommendations for beam-to-column connections. 

1.2 Review of Previous Investigations 

The behavior of reinforced concrete frames incorpo

rating more than one joint subjected to cyclic loading has 

not been studied widely for economic reasons. However, a 

large number of studies have been carried out in the area 

of statically determinate joint assemblies subjected to 

various cyclic load reversal schedules in different 

countries since the mid-1960s. The results obtained from 

these experimental works, although not in full agreement, 

are the basis for the current design recommendations. 

Burns and Siess (5) tested eighteen beams with 

column stubs at the University of Illinois at Urbana. 

Fifteen beams were subjected to repeated loading in one 

direction while three beams were subjected to both repeated 

and reversed loading. They concluded that closely spaced 

ties are essential to prevent buckling of compression 

reinforcement and to confine the core concrete. They noted 
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that reversed loading may have a more detrimental influence 

on the ductility of beams with unsymmetrical reinforcement 

than on those with symmetrical reinforcement. Additional

ly, they pointed out that when sufficient ties are pro

vided, under-reinforced beams showed remarkable ductility. 

Hanson and Connor (6) reported results from tests 

of seven full-scale exterior joint subassemblages subjected 

to reversed loading. They concluded that well designed and 

detailed joints can resist moderate seismic action without 

damage and loss of strength. They observed that the 

presence of transverse beams framing into the joints 

improved the performance of the specimens, thus pointing to 

the role of transverse beams in providing lateral confine

ment to the joint. In later tests on five full-size 

exterior and interior connections by Hanson (7), in which 

grade 40 and 60 bars were used, the Grade 60 reinforcing 

bar had adequate ductility when used in frames subjected to 

earthquake-type loading. 

A series of tests on scale models of reinforced 

concrete frames has been performed on the earthquake 

simulator platform (shake table) of the University of 

Illinois at Urbana by Sozen in conjunction with Otani (8), 

Henley (9) and Moehle (10). For all the tests, the 

simulator was programmed to reproduce a scaled version of 

the north-south component of the El Centro earthquake of 



1940 (the Imperial Valley earthquake). 
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The results of 

these tests 'were aimed pr imarily at evaluating the non

linear dynamic behavior of moment resisting frames. They 

concluded that strain-hardening characteristics of the 

reinforcing steel must be considered in the earthquake

resistant design of reinforced concrete structures. 

Furthermore, they related the survival of the tested 

specimens during the course of motions to the use of 

sufficient web reinforcement in frames and joints. 

Mahin and Bertero (11) reported a complete static 

and nonlinear analysis of the eleven story Charaima 

Building in the north-central region of Venezuela which had 

suffered extensive damage during moderate earthquake in 

July 29, 1967. They performed their studies with computer 

programs in order to determine the probable cause of 

failure as well as to use their results to improve seismic 

resistant design understanding. They pointed out that the 

ACI 1951 code design forces are too low and the effect of 

cyclic deformation in the inelastic range must be consid

ered. Additionally, they emphasized that the members and 

joints should be detailed to provide adequate ductility. 

Furthermore, they concluded that plastic deformations 

should generally occur in ductile beams rather than 

columns. 
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In July 1976, the first significant recommendations 

for design of beam-column connections in monolithic rein

forced concrete structures were presented by ACI-ASCE 

Committee 352 (12). These recommendations were based on 

the available results (at that time) from experimental and 

empirical works. The committee points to three major 

considerations within the joint in order to achieve 

ductility without major damage to the joint or loss of 

strength. First, provide confinement of the column 

longitudinal bars especially at and near the joints. 

Second, make an evaluation of the shear strength of joints 

using the equations developed for calculating the shear 

strength of beams. Third, provide development length of 

the beam and column-reinforcement passing through the 

joints. 

Meinheit and Jirsa (13) tested fourteen full-scale 

interior joints subassemblages under cyclic loading at the 

University of Texas at Austin, in which column load, per

centage of vertical column reinforcement, joint loops, 

presence of lateral beams, concrete strength, load history 

and size of members were the main variables. The ob j ec

tives of their investigation were to evaluate the shear 

strength of beam-to-column connections and to develop 

real istic design equations. They showed that an increase 

in the column load, joint transverse reinforcement and 
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concrete strength will result in a nonlinear increase in 

the ultimate joint shear strength. Furthermore, they 

reported that the shear strength decreases as the cycling 

loading increases and the ultimate joint shear capacity is 

approximately twice the cracking shear strength of the 

joint. Finally, they proposed design equations for the 

shear strength of a joint which reflected the effects of 

the variables studied. 

Gasain, Brown and Jirsa (14) analyzed data from a 

large number of beam-to-column connections in order to 

evaluate the shear requirements of reinforced concrete 

joints under load reversals. Because the load histories 

imposed on test specimens were not the same in all investi

gations, they suggested a work index based on calculating 

the area under the normalized load-deflection curve with 

respect to deflection and load at first yielding in the 

beams' longitudinal bars rather than computing the actual 

area under the measured load-deflection curves. They 

pointed out that for achieving effective energy absorbing 

capacity and effective behavior under inelastic action, the 

ultimate shear stress on the core should be 6 to 7~(psi 

units), provided that the column axial load is not greater 

than 1500 psi and the spacing of hoops does not exceed six 

longitudinal bar diameter to prevent buckling of the column 

bars. 
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Lee, Wight and Hanson (IS) tested six isolated 

reinforced concrete exterior joint subassemblages to 

evaluate the ACI-ASCE Committee 352 recommendations (12) 

and to suggest improvements. The main variables used were 

magnitude of column axial load, joint transverse reinforce

ment and severity of loading. They concluded that the 

shear stress factor (Y) which was used by the committee to 

determine the shear stress carried by the concrete in the 

joint should be modified to account for the confining 

effect resulting from the flexural strength ratio. 

Flexural strength ratio is defined as the ratio of the 

flexural strength of the columns to that of the beam{s). 

Furthermore, they rejected the "Truss analogy", which 

assumed formation of cracks at a 45 degree angle, as a 

reliable method in determining the portion of the total 

joint shear forces carried by the hoops. 

Scribner and Wight (16) examined twelve reinforced 

concrete exterior beams-column connections under cyclic 

loading at the University of Michigan. The tests were 

aimed mainly at studying the effect of intermediate 

reinforcing bars in delaying the deterioration of shear 

strength and stiffness. Their investigation indicated that 

the improvement of the specimen response, as a resu I t of 

using additional longitudinal bars in the beams' webs, was 

dependent on the design shear stress level. When the joint 
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shear stress was less than 3jf~ (psi units), the members 

showed flexural response and the intermediate bars in-

creased the energy dissipation by 5%. When the shear 

stress was greater than 6~, the members reacted in shear 

and the intermediate reinforcement increased the energy 

dissipation by 30%. For shear stress levels between 3JfI 

and 6jf~, the mode of failure was shear-and-flexural, and 

the intermediate steel contributed significantly to the 

increase of the total energy as well as to the stability of 

cyclic behavior. 

Paulay, Park and Priestely (17) reported an analyt-

ical study on the behavior of interior joints as well as 

the effect of cyclic loading on the concrete strut and 

truss mechanisms. They reported that the shear strength of 

beam-column connections in ductile moment resisting frames 

subjected to a large load reversals must be evaluated in 

terms of the two mechanisms cited above rather than the 

beam shear analogy. Furthermore, they concluded that the 

contribution of the concrete to the shear strength of the 

joints, which is primaLily due to the diagonal strut 

mechanism, should be ignored in design when plastic hinges 

occur at the columns faces due to unclosed deep cracks in 

the beams' compression zones. In addition to this, they 

noted both horizontal and vertical shear reinforcement is 
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essential to provide shear strength and confinement for the 

joints. 

Scrapas (18) tested a total of three exterior beam

to-column subassemblies with different amounts of joint 

transverse reinforcement under severe cyclic loading. The 

tests were conducted at University of Canterbury, Christ

church, New Zealand and aimed mostly at examining the 

recommendations of New Zealand code for seismic design. 

His study indicated that the design philosophy of the 

exterior joints may be too conservative and the modelling 

assumptions inappropriate. Therefore, he suggested a new 

mechanism for shear resistance in exterior joint. The 

proposed model depends mostly on the assumption that some 

of the column hoops above the joint contribute in the 

horizontal component which resists the diagonal compression 

force in the joint after a major excursion into the 

inelastic range in both directions. Figure 1.1 shows the 

assumed stress field in exterior joint's concrete created 

through bond or bearing by the compressive force in the 

bottom beam longitudinal bars. 

Hwang (19) carried out a series of eleven tests on 

enlarged end-cantilever beams with varying levels of shear 

stress and cyclic load histories. He concluded that the 

loss in the load carrying capacity and stiffness when the 

displacement was repeated increased as the magnitude of the 
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1) 

a) Internal forces on exterior joint core 

Diagonal 
compression 

field 

b) Contribution of column's hoops in resisting shear 
force 

Fig. 1.1. Mechanism of exterior joint-shear resistance. 

11 
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displacement and the shear stress level increased. Addi

tionally, he related the bond degradation between rein

forcement and concrete in the anchorage zone to the beam 

maximum deflection rather than to the number of cycles the 

specimen had sustained at a given displacement amplitude. 

He reported that an increase in the nominal shear stress 

level reduced the specimen's ability to endure enough 

cycles prior to a defined failure condition. 

Ehsani and Wight (20-23) tested a series of twelve 

full-scale exterior beam-to-column subassemblages under 

inelastic cyclic loading. Six of the specimens included 

transverse beams and a slab. The tests were aimed at 

evaluating the effect of the joint shear stress level, the 

percentage of the transverse reinforcement within the 

joint, the ratios of the column flexural strength to that 

of the beam and slab, and the presence of slab and tran

sverse beams on the general response of reinforced concrete 

joints. They stated that using a flexural strength ratio 

larger than 1.4 and 1.2 for bare specimens and specimens 

with transverse beams and slab, respectively, ensures 

flexural hinging in beam. They emphasized that in calcu

lating the flexural strength ratio for connections with 

slab and transverse beams, reinforcement in a slab width at 

least equal to the width of the main beam on each side of 

the beam should be considered effective. They concluded 
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that to reduce excessive joint damage, the joint shear 

stress level should be no more than l2jf~ (psi units) for 

bare specimens. A design chart for an exterior joint was 

developed. According to the flexural strength ratio and 

the shear stress level within the joint, the percentage of 

transverse reinforcement could be selected from this chart. 

Durrani and Wight (24-26) reported a series of six 

tests on full-scale interior beam-to-column subassemblages, 

in which the joint shear stress level, the amount of joint 

transverse reinforcement and the presence of transverse 

beams and a slab were the main variables. They concluded 

that an increase in the amount of joint hoops improved the 

behavior of the connection without transverse beams and 

slab more than the bare specimens. Their proposal for the 

design of an isolated joint, specified a flexural strength 

ratio no less than 1.5, nominal shear strength not more 

than 15 ~ and transverse reinforcement not more than 1.5 

percent. 

Additionally, their results showed column bars 

experienced more slippage through the joint than the beam's 

longitudinal reinforcement. Furthermore, they pointed out 

that the performance of the specimens with slab and trans

verse beams is less sensitive to the level of joint-shear 

stress when compared to the bare specimens. A simple 

analytical model for analyzing multistory reinforced 



concrete buildings was developed. 
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This model incorporated 

the strong-column weak-beam concept as well as a new 

hysteretic model for beam-column connections which was 

developed from the hysteretic behavior of the tested 

specimens. 

Leon (4) studied the influence of different floor 

member sizes and shapes on the response of eight reinforced 

concrete beam-column connections under large cyclic load 

reversals. He pointed out that the size of beams framing 

into a joint played an important role in the lateral 

confinement of the connection, especially when the beam 

widths were smaller than 0.6 times that of the column. 

Additionally, he attributed the observed increase in the 

joint shear strength of the specimens with slabs to the 

confinement of the upper corner of the joints as a result 

of the presence of slab. Furthermore, he concluded that 

column axial load below the balance point would not help 

the joint "greatly in resisting the imposed loads. He 

related the cyclic reduction in the joint shear strength to 

bond degradation rather than actual shear strength degrada

tion. 

Paulay and Park (27) explained in detail the de

sign criteria of the New Zealand code for reinforced 

concrete beam-column joints in ductile frames resisting 

earthquakes as well as demonstrating experimentally these 



recommendations on four test units. 
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Two interior and two 

exterior joints were tested. In the first specimen of each 

group, plastic hinges were forced to form away from the 

column face by anchoring some of the top and bottom 

flexural reinforcement bars into the beam at one effective 

depth. Also, they summarized the recommendations of the 

ACI-ASCE Committee 352 (2) [first draft] and ACI 318-83 

Code (38) for designing joints in reinforced concrete 

frames in order to compare numerically the different 

aspects of both codes. 

Paulay and Park concluded that the design of the 

nominal shear strength in joints by the ACE-ASCI committee 

is conservative when compared with the horizontal component 

of the New Zealand code and that the assumption of the well 

distributed column reinforcement around the perimeter of 

the column in providing adequate vertical joint reinforce

ment is not accurate, since it does not take into account 

the possible varying conditions for shear in the joint 

core. Furthermore, they pointed out that relocating the 

plastic hinges away from the columns' faces is a practical 

design alternative to the conventional one, because it 

allows easier detailing of reinforcement when member sizes 

are small and joint shear is high. 

Popov (28) reviewed the bond and anchorage problems 

of reinforcing bars under severe cyclic loading from the 
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historical perspective of the experimental studies done at 

the Uni vers i ty of Cal ifornia at Berkeley. The importance 

of bond and anchorage of bars on the behavior of a struc

ture and the basic nature of the bond is transferring the 

forces from the reinforcing bars to the concrete were 

explained. The behavior of bars and the local bond stress

slip relationship from bond tests on large and short bars 

embedded in well-confined concrete stubs of depth compar

able to that of the columns were discussed. A model for 

determining bar displacement by computer with the bond 

stress-slip relationship was outlined as a solution 

procedure for studying analytically the deteriorating 

behavior of joints. 

Zerbe and Durrani (29) investigated the effect of 

transverse beams with and without a slab on the behavior of 

exterior beam-to-column connections. They concluded that 

to avoid possible formation of plastic hinges in columns, 

the contribution of slab in the flexural strength of beams 

must not be ignored. They suggested the slab's longitudi

nal reinforcement over a region at least equal to the 

column width plus twice the depth of transverse beams 

should be included in evaluating the negative flexural 

capac i ty of beams. Add i t ionally, they at tr ibu ted the 

improved strength and stiffness of the joint with a 

transverse beam to the lateral confinement, which is 
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primarily due to the presence of transverse beams. They 

also mentioned that the development length for bars 

terminating inside the joint core can be reduced if the 

mechanical anchorage provided by the transverse beam's 

longitudinal bar is considered. Furthermore, they sug

gested that to avoid congestion of steel in the exterior 

joint, the beam's longitudinal reinforcement can be 

terminated in a stub outside the joint core. 

In a recent revision of the earlier recommendations 

by the ACI-ASCE Committee 352 (2), the total nominal shear 

strength of the joint is limited to a maximum allowable 

value depending on the joint classification. The concrete 

compressive strength is limited to 6 ksi. Additionally, 

the joint transverse reinforcement is evaluated entirely 

from the confinement considerations and the flexural 

strength ratio is specified as equal to or greater than 

1.4. Furthermore, the ratios of column depth to diameter 

of the beam bar, and beam depth to diameter of the column 

bar are limited to a minimum of 20 for slippage control of 

beam and column bars passing through joints. 

Wong (30) tested two interior beam-to-column sub

assemblages designed according to the New Zealand code 

except that the beams' longitudinal reinforcements were 

distributed vertically and only a nominal amount of joint 

hoops was provided to satisfy the confinement requirements. 



18 

The test results were compared with similar specimens 

designed conventionally with vertical and horizontal shear 

reinforcement. He concluded that both tested units showed 

a large reduction in strength and stiffness. In addition, 

he related the joint shear failure of these beam-column 

connections to the inadequate quantity of horizontal shear 

hoops provided, because yielding penetration of the beams' 

longitudinal bars occurred, not only at the extreme top and 

bottom level (as in the case of conventional joint), but 

along the depth of the joint forcing the joint to expand 

longitudinally and the diagonal cracks to widen. Figure 

1.2 shows the difference between the resultant forces in 

conventional beam section and beam section with vertically 

distributed reinforcement. 

Abdel-Fattah and Wight (31,32) reported a series of 

twelve tests on reinforced concrete interior beam-column 

subassemblages, in which transverse beam stubs and a slab 

were present in four of the specimens. The tests were 

aimed mainly at developing a technique for moving the 

plastic hinge zone one effective beam depth away from the 

column faces. They pointed out that, by placing four 

intermediate bars in two layers at approximately the third 

point between the beam positive and negative bending 

reinforcement in such a way as to pass through the joint 

and extend over a length of 1.5 times the beam's effective 



F~--=---ct 

00000 il 

o 0 0 00 2 lEa 1i'a 

section strain resultant forces 

a) Conventional beam section at ultimate flexural 
strength 

0 0 'il 

0 0 2 

0 0 3 

0 0 .13 'fi'i3 

0 0 :» is ----el 

0 0 ~ if~ --~c: 

section strain resultant forces 

b) Beam section with vertically distributed reinforce
ment at ultimate flexural strength 

Fig. 1.2. Beam internal forces. 

19 



20 

depth relocation of the plastic hinges away from the column 

faces results, provided that the joint shear force intro

duced by the intermediate reinforcement does not exceed 30 

percent of the total developed joint shear force. They 

also concluded that when a beam's plastic hinges are moved 

away from the column faces, beam reinforcement yielding did 

not penetrate into the joint core and, thus, a transverse 

reinforcement ratio between 0.7 and 1.0 percent of the 

joint area, achieves the confinement requirements of the 

joint. 

Pauluy (33) evaluated some features of the seismic 

design provision of the ACI building code (34) (ACI-318-83, 

Appendix A) from New Zealand design and research perspec-

tives. He suggested that the ratio of the sum of the 

flexural strength of columns, taking the factored axial 

load into account, to the sum of the flexural capacity of 

girders (Eq. #A-l) should range between 2 to 2.5 rather 

than equal to or greater than 1.2. This is needed to 

account for circumstances resulting in an increase in the 

flexural strength of the beams which force plastic hinges 

to form in columns, including the contribution of strain 

hardening (10 to 25 percent) and slab reinforcement (10 to 

30 percent) to the beam moment. He also pointed out that 

the specified length (1 0 ) over which the transverse 

reinforcement is required to conf i ne each end· of col umn 
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(section A.4.4.4) is adequate only for the upper stories of 

a building, because the moment gradient during an earth

quake in the first story may differ from that implied by 

the routine analysis for a lateral load. He proposed two 

formulas for (1 0 ) to be used in the first story based on 

the assumption of a linear variation of column moments from 

a maximum at the base to zero at the first floor. 

Ueda, Lin, and Hawkins (35) studied experimentally 

and analytically the axial force-loaded end displacement 

characteristics of straight and 90 degree hooked beam bars 

anchored within twenty-two specimens simulating conditions 

for exterior column-beam connections. A computer model 

which incorporates a bond stress-slip relationship, actual 

stress-strain properties of the bars, a continuity condi

tion between steel and concrete, a failure criterion, 

equivalent embedment length criterion for a hooked bar, and 

a modification for unconfined concrete was developed for 

the· analytical investigation. They concluded that the 

results obtained from the analytical model and the experi

mental work showed good agreement. Additionally, in regard 

to connections, they concluded that for a bar to develop a 

stress at least 1.25 times the specified yield stress, the 

load end-displacement should not be greater than half that 

at which failure is predicted due to bar pull-out or bar 

fracture. 
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Nmai and Darwin (36) examined the behavior of seven 

lightly reinforced beams with enlarged end blocks under 

severe cyclic loading. They concluded that a decrease in 

the flexural reinforcement ratios (below 1.0 percent) 

reduces both the maximum shear and compressive stress in 

the concrete, which leads to better performance under 

cyclic loading. Moreover, they stated that an increase in 

positive reinforcement does not improve the cyclic behavior 

of members. They also indicated that a reduction in the 

stirrup spacing can improve the response of the specimen, 

even with some decrease in nomomial stirrup capacity. 

Yacoub (,37) analyzed data from a large number of 

exterior beam-to-column connections tested in the laborato

ries in order to define a failure criterion to assist in 

developing a design chart as a guide for designing exterior 

joints. He proposed an energy index to evaluate the 

performance as well as to obtain a lower limit for sat is-

factory behavior of tested specimens. The energy index 

relates strength and stiffness, and eliminates the differ

ences of loading histories used by different researchers. 

Based on the energy index, the design chart suggested by 

Ehsani (20) was modified. According to the flexural 

strength ratio and shear stress level within the joint, the 

percentage of transverse reinforcement can be selected from 

the chart. He also noted that for high flexural strength 
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and low joint shear stress, the amount of transverse 

reinforcement designated in the design chart is lower than 

that suggested by the ACI-ASCE Committee 352 (2). 

Ehsani, Moussa, and Vallenilla (38) performed four 

cyclic tests on exterior beam-column subassemblages con

structed with high strength concrete (f6 = 9500 psi) at the 

University of Arizona. The test results were compared with 

similar specimens designed with ordinary-strength concrete 

and reported by Ehsani (20). The focus of their studies 

was the evaluation of joint shear strength. They suggested 

that the shear stress factors (Y) of the recommendations 

(2) be modified before they can be safely applied to 

connections designed with high-strength concrete. Addi-

tionally, they recommended that a maximum allowable joint 

shear strength of 10.5 If~ psi be used for exterior joints 

constructed with 9500 psi concrete strength. Furthermore, 

they pointed out that a ductile hysteretic performance for 

frames designed with high-strength concrete can be achieved 

if proper attention is given to detailing of the connec

tions. 

1. 3 Objectives 

The main objective of this study was to investigate 

experimentally the response of indeterminate frames 

subjected to load reversals. The specific objectives of 

this research include five distinct parts: 

- -------- -----------------------
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1. To evaluate the adequacy of the ACI-ASCE Committee 

3 S 2 re commenda t ions (2) for the des ign of indeterminate 

frames incorporating one interior and two exterior joints. 

2. To examine the effectiveness of reducing the 

flexural strength ratio on the general response of an 

indeterminate structure. 

3. To determine what increase in the joint shear 

stress factor (Y) could be achieved without jeopardizing 

the behavior of the specimen. 

4. To study the applicability of reducing the trans

verse reinforcement within some joints without affecting 

the performance of the frame. 

S. To establ ish the original distribution of forces 

among the members of a frame and the redistribution of 

forces after the failure of some members has taken place. 

To accomplish these objectives, four large-scale 

reinforced concrete frames with two symmetrical bays were 

tested under reversed cyclic displacements of predetermined 

amplitudes. The different aspects of the study are 

explained in more detail in the following chapters. 



CHAPTER 2 

THE EXPERIMENTAL STUDY 

2.1 Test Description 

Four reinforced concrete frames with two sym

metrical bays were built for this investigation. Each 

specimen contained one interior and two exterior beam to 

column connections, similar to a multistory, ductile moment 

resisting, reinforced concrete frame, as shown in Fig. 2.1. 

Due to high shears and moments which result from 

lateral inertia forces during an earthquake and the large 

vertical forces which develop in columns from gravity loads 

(especially in the lower stories of a tall building), the 

inflection points tend to fluctuate from the mid-height of 

the story's columns. For simplicity, however, the mean 

locations of the inflection points are taken at the mid

height of the columns. The column heights above and below 

the longitudinal beams were terminated at these locations 

to establish simple pinned connections. 

2.2 Design of Test Specimens 

Test specimens were selected and designed to 

satisfy the objectives of the research and to fit within 

the test set-up. The forces acting on an exterior and 

25 
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interior beam to column connection due to earthquake are 

shown in Fig. 2.2. In order to minimize the number of the 

variables and to allow for a more exact comparison of the 

behavior of the subassemblages, certain parameters were 

kept constant in all specimens. These included the 

compressive strength of the concrete (f~), beam span length 

(L n ), column height (Lc) and cross-sectional area of the 

beams and columns (Ab, Acol)' 

Figure 2.3 shows the general view for the test 

specimens. The different sides of the specimens are 

identified in this figure and will be used throughout this 

report. The design of the beams, columns and connections 

for the first specimen followed the guidelines of the ACI 

Building Code ACI 318-83 (34) and the ACI-ASCE Committee 

352 recommendations (2). For the remaining three speci

mens, the design of one of the joints was modified slightly 

as explained later. Therefore, none of the four specimens 

tested were identical. The dimensions and the reinforce

ment details for all specimens are given in Fig. 2.4. [A 

summary is provided in Table 2.1 for convenience.] 

In this experimental work, the effect of three 

selected primary variables were examined. The three 

primary variables are: 

1. The flexural strength ratio, defined as: 
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Table 2.1. Physical dimensions of the specimens 

Specimen nurrber 1 

Exterior Joints Interior Joint Exterior Joints 
Beams Columns Beams Column Beams Columns 

Axial load (kips) - 40 - 0 - 0 

Length (in.) 102 102 102 

Size (sq. in. ) 8x15 10x15.25 8x15 10x18.25 8x15 10x15.25 

Reinforcement 
Top 3 #7 2 #6 2 #7 2 #6 3 #7 2 #6 

Gr 60 Gr 40 Gr 60 Gr 60 Gr 60 Gr40 

Middle - 2 #6 - 2 #6 - 2 #6 
Gr 40 Gr 60 Gr 40 

Bottom 3 #7 2 #6 2 #7 2 #6 3 #7 2 #6 
Gr 60 Gr 40 Gr 60 Gr 60 Gr 60 Gr 40 

Depth from top 
fiber to 

Top steel 2.5 2.5 2.5 2.5 2.5 2.5 

Middle steel - 7.63 - 9.13 - 7.63 

Bottom steel 12.5 12.75 12.5 15.75 12.5 12.75 

Joint hoops 4 #4 Gr 60 4 #4 Gr 60 4 #4 Gr 60 

2 

Interior Joint 
Beams Column 

- 35 

102 

8xl5 10x18.25 

3 #6 2 #6 
Gr 60 Gr 40 

- 2 #6 
Gr40 

3 #6 2 #6 
Gr 60 Gr 40 

2.5 2.5 

- 9.13 

12.5 15.75 

4 #4 Gr 60 
w 
(j) 



Table 2.1-continued 

Specimen n\.lllber 3 

Exterior Joints Interior Joint 
Beams Columns Beams Co1unm 

Axial load (kips) - 0 - 0 

Length (in.) - 120 120 

Size (sq. in. ) ax15 10x15.25 ax15 10x1a.25 

Reinforcement: 
Top 2 #a Gr 60 2 #6 3 #7 2 #7 

1 #7 Gr 60 Gr 60 Gr 60 Gr 60 

Middle - 2 #6 - 2 #7 
Gr 60 Gr 60 

Botton 2 #a Gr 60 2 #6 3 #7 2 #7 
1 #7 Gr 60 Gr 60 Gr 60 Gr 60 

Depth from top fiber 
to: Top steel 2.5 2.5 2.5 2.5 

Middle steel - 7.63 - 9.13 

Bottom steel 12.5 12.75 12.5 15.75 

Joint hoops 4 #4 Gr 60 4 #4 Gr 60 

4 

Exterior Joints 
Beams Columns 

- 35 

120 

ax15 10x15.25 

3 #7 2 #6 
Gr 60 Gr 40 

- 2 #6 
Gr 40 

3 #7 2 #6 
Gr 60 Gr 40 

2.5 2.5 

- 7.63 

12.5 12.75 

4 #4 Gr 60 or 
2 #4 Gr 60 

Interior Joint 
Beams co1unm 

- 10 

120 

ax15 10x1a.25 

3 #6 2 #6 
Gr 60 Gr 60 

- 2 #6 
Gr 60 

3 #6 2 #6 
Gr 60 Gr 40 

2.5 2.5 

- 9.13 

12.5 15.75 

4 #4 Gr 60 

w 
-...) 
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( 2. 1 ) 

where, IMcol = sum of the column flexural 

capacities at joint 

IMbeam = sum of the beam flexural capacities 

at joint 

2. The shear stress factor at a joint, given as: 

Vn 
y = -------

jf~ . bj • h 
( 2 • 2 ) 

where, Vn = nominal shear force at a joint 

fl c = concrete compressive strength (psi) 

b' J = the effective joint width 

h = thickness of the column in the 

direction of load being considered. 

3. The center-to-center spacing between layers of 

transverse reinforcement within the joint depth, denoted by 

The ACI-ASCE Committee 352 recognizes the advan-

tages of providing stronger columns than beams at any 

connection. As a result, a minimum flexural strength ratio 

of 1.4 has been specified for joints which are part of a 

primary system for resisting seismic lateral loads. Some 

practicing engineers argue that lowering the above ratio by 
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20%, while keeping the other committee recommendations 

unchanged, would not significantly affect the behavior of 

the connection especially for an indeterminate system. 

Moreover, Appendix A of ACI 318-83 code requires a value of 

(1.2) for the flexural strength ratio if the factored axial 

col umn compress i ve force exceeded (Ag f 1:.11 0) • Hence, 

specimen 2 was designed with flexural strength ratio of 

1.19 and 1.13 for interior and exterior joints, respec

tively. 

The shear-stress factor (Y), used in determining 

the nominal shear strength of the joint as defined by 

equation 2.2, is limited by the ACI-ASCE Committee 352 (2) 

to 12 for corner, 15 for exterior, and 20 for interior 

joints. The main purpose of using such an approach (Eq. 

2.2) is to switch from the complicated use of the algebraic 

sum of the shear contributed by: a) the transverse column 

reinforcement crossing a diagonal crack at a 45 degree 

angle in the joint and b) concrete, using a beam shear 

formula (12) to a simple nominal joint shear stress level 

criteria. 

The 1983 ACI building code (34), limited the shear

stress factor (y) to 15 for unconfined joints and 20 for 

confined ones; the latter requiring that all faces of the 

joint be covered with framing members at least three

quarters of the area of each face. However, it was 
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expected that a 20 to 35% increase of these factors would 

not greatly change the behavior of the connection, because 

the nominal joint shear stress level criteria (Eq. 2.2) 

included a minimal contribution for the strength of the 

concrete in a connection. Accordingly, the third specimen 

was designed with shear-stress factors (y) of 15.1 and 20.8 

for exterior and interior joints, respectively. 

Transverse reinforcement in a joint contributes to 

the behavior of the specimen in four ways. First, it 

resists the excess shear force in a joint after the 

concrete cracks. Second, it minimizes the crack width 

prior to the yielding of the transverse reinforcement. 

Third, it provides confinement for the concrete in the 

joint region, which delays the joint deterioration. 

Finally, it holds the vertical bars in position and 

provides lateral support so that individual bars only have 

the tendency to buckle between the stirrups; this improves 

the joint behavior in general. 

To ensure adequate confinement of the joint, 

sufficient force transfers within the joint, and good joint 

behavior during anticipated earthquake loading, the new 

provisions of the ACI-ASCE Committee 352 (2) required a 

minimum amount of joint shear reinforcement to be satisfied 

per equation 2.3. They specify that the transverse 

reinforcement should be closely spaced (Sh should not 
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exceed the least of one-quarter of the minimum column 

dimension, six times the diameter of longitudinal bars to 

be restrained, or 6 in.), and be continued above and below 

the joint for a distance at least equal to the greater of 

18 in., one-sixth the clear height of the column, or the 

maximum cross-sectional dimension of the member. 

( 2 • 3 ) 

where, Ash = total cross-sectional area of a single hoop 

in a joint 

Sh = spacing of the hoops 

h" = core dimension of tied colunn measured to 

outside diameter of hoop 

Ag = gross area of the column 

Ac = confined area of the column measured outside

to-outside of transverse reinforcement 

The joints of the first three specimens were 

reinforced with four sets of Grade 60 No. 4 closed rectan

gular hoops. The hoops included a 135 degree standard hook 

with 6 inch extensions. In specimen 4, however, the right 

exterior joint was reinforced with two hoops while four 

hoops were used to reinforce each of the remaining two 

joints. The reduction in the right exterior joint's hoops 

of the last specimen was used for two reasons. First, to 

study the possibility of relaxing the existing ACI-ASCE 
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Committee 352 requirements for the spacing of transverse 

reinforcement inside a joint. These requirements create 

construction problems resulting from the congestion of 

reinforcement in beam-column joints. Secondly, to study 

the effect of the force redistribution for an indeterminate 

system especially after one joint fails. Table 2.2 gi ves 

the design values for the primary variables for each 

specimen. Complete design details are discussed in 

Appendix A. 

2.3 Material Properties 

The specimens were designed to have a 28-day 

concrete strength of 5,000 psi. All concrete used in this 

study was obtained from a local ready-mix plant. Details 

of the concrete mix properties and complete results of the 

concrete cylinder tests are given in Appendix B. The 

average concrete compressive strength for all specimens is 

listed in Table 2.3. 

The average measured steel properties are presented 

in Table 2.4. Grade 60 No.6, Grade 40 No.6, and Grade 60 

No. 7 bars were used for columns longitudinal reinforcing 

bars. The main reinforcement in the beams was Grade 60 No. 

8 or No. 7 or No.6. Grade 60 No. 4 bars were used as 

transverse reinforcement in all joints and the portion 

above and below the joints in columns. Grade 40 No. 4 was 

used as stirrups in all beams and in the end region of the 



Primary 
Variable 

~ 

V· J 
Y = 

b· h[f[ J c 

% (in.) 

E = Exterior joints 
I = Interior joints 

Table 2.2. Design values for the primary variables 

Specimen Nurriber 

1 2 3 4 

E I E I E I E I 

1.49 1.44 1.13 1.19 1.34 1.32 1.45 1.40 

12.44 13.80 12.44 15.20 15.09 20.80 12.44 15.20 

2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
3.25 

With the exception of specimen 4, the exterior joints in each of the speciments were identical. 

~ 
w 
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Table 2.3. Average concrete compressive strength 

Specimen Average Test Day 
Number ft (psi) 

1 5530 

2 5090 

3 5090 

4 5110 

Table 2.4. Average measured steel properties 

Yield Yield Elastic 
Bar Size Grade stress strain modules 

fy (ksi) f.. y E (ksi) 

#4 40 48.64 0.00165 29500 

#4 60 70.42 0.00241 29200 

4~ 6 40 53.76 0.00181 29700 

iF 6 60 76.15 0.00248 30700 

iF 7 60 76.39 0.00256 29800 

i~ 8 60 79.30 0.00267 29700 

4~ 9 60 79.67 0.00257 31000 
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columns. Grade 60 No.9 reinforcing bars were used to 

construct anchor bolts for connecting the male steel 

clevices to the column tops. Details of the equipment and 

procedures used to compute the material properties are 

given in Appendix B. 

2.4 Construction of the Specimens 

At the early stages of this research, a reuseable 

BB-plywood form was built to construct one specimen at a 

time. The specimens were cas t and te s ted hor i zon ta 11 y , 

i.e. parallel to the floor of the laboratory. Prior to 

casing, the parts of the form were bolted together; six 

A36-steel male clevices were bolted to the form at the 

column ends and connected to the testing system at the 

appropriate locations to ensure the proper fit for the 

specimen before casting. The interior of the form was then 

covered with plastic sheets for easy removal of the 

hardened specimen from the formwork. 

According to the dimensions provided and the ACI 

code requirements (34), all reinforcements were fabricated 

by a local steel supplier. Fifty electrical resistance 

strain gages were attached to the preselected locations on 

the main reinforcing bars, hoops and hooks, following the 

procedure explained in Appendix C. Column reinforcing 

cages were assembled outside the form using two steel jack 

stands to support the main reinforcing bars at their ends, 
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while stirrups were tied to them at the appropriate 

locations. After placing the column reinforcing cages 

inside the form, the construction of the beam cages was 

completed inside the form by first placing the beam 

longitudinal bars through the joints. Then the stirrups 

were slid around the main reinforcements and tied to them 

at the predetermined locations. The anchor bolts were slid 

in the holes of the clevices and tied to the main rein

forcement of the columns form one side; the other side was 

bol ted to the clev ices. Annealed tie wires were used to 

tie the stirrups to the longitudinal reinforcement. 

After finishing the steel assembly, concrete was 

mixed and deliveted in a ready-mix truck. The concrete was 

consolidated with a hand-held electrical vibrator while 

placing the concrete in the form. An average of twenty 

concrete cylinders were cast and cured next to each 

specimen. Specimens and cylinders were moist cured for ten 

days, by covering them with wet-burlap and plastic sheets. 

Subsequently, the forms were removed and the specimens and 

the cylinders were cured uncovered until testing. 

In an attempt to expedite the testing schedule, 

four cylinders were prepared and tested over an interval of 

four days to see if the concrete compressive strength was 

close to the design value. If this requirement was met, 

the specimen would be tested and eight cylinders were 



evaluated on the day of the testing. 
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A complete descrip-

tion of the construction of the specimens is given in 

Appendix D. 

2.5 Test Set-up 

Due to the large mass of the specimens and the 

problems associated with keeping them upright in a testing 

frame, the proposed testing system was designed so that the 

specimens could be tested horizontally over the floor of 

the laboratory. Most of the parts of the testing system 

were fabricated by a local steel company according to the 

specified dimensions and the recommendations (39, 40). 

As was expected, testing and unexpected problems 

arose occasionally. This required that corrective measures 

be taken to modify the testing system. A summary of these 

problems and the corrections is given in Appendix E with 

complete detailed figures. 

The final testing system consisted of two parts, 

shown in Fig. 2.5. The first part (upper portion) includes 

a 110 kips capacity hydraulic actuator. The idle end of 

the actuator was mounted and bolted to a fixed hollow rigid 

steel reaction box which measured approximately 7 x 4 x 4 

feet. The active head of the actuator was bol ted to the 

upper flange of a 20-foot-long movableW 14 x 90 steel 

beam. Three female steel c1evices were bolted to the lower 

flange of the steel beam at the appropriate locations. The 
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main purpose of this connection was to apply a uniform 

displacement equal to the actuator displacement to the top 

of the columns. Thus, a roller type support was provided 

at the top of each column. Fig. 2.6 shows the connection 

of the upper portion of the testing system. 

The second part (lower portion) contains a fixed 

(10" x 1/2" x 20') steel plate welded to three 3 1/2 in. 

diameter and four 2 in. diameter solid stiffened steel 

pins. The seven solid steel pins were bolted at the bottom 

of the three foot thick concrete floor. This was done to 

simulate a pinned connection to sustain the design forces. 

Fig. 2.7 shows the connection of the lower portion of the 

testing system. appendix E contains a detailed description 

and figures of the testing system. 

For best positioning of the specimen to the testing 

system before casting, different parts of the form were 

bol ted together. Six steel male clevices were bol ted to 

the form at the column ends. The form was then put in 

pos it ion, supported by 2 in. thick plywood panels. The 

three male clevices on one side were connected to the three 

female clevices on the movable steel beam by three small 

solid steel pins. The other three male clevices were 

inserted in the 3 1/2 in. diameter pins of the lower 

portion of the testing system. Figure 2.8 shows the form 

connected to the testing system before placement of steel 
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Fig. 2.6. Actuator attached to the reaction box and the 
steel beam. 

50 



51 

Fig. 2. 7. Steel plate and pins to support the column end. 

I 

Fig. 2.8. The finished form connected to the testing 
system. 
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cages. Beam and column cages were placed inside the form, 

and the anchor bolts were embedded into the column ends and 

bolted to the six steel male clevices. A plane view of the 

testing set-up before casting is shown in Fig. 2.9. 

After the concrete was cured and the form removed, 

the specimen was mounted and supported by five steel carts. 

Each cart was in turn supported at each of its four corners 

by special low-friction hard rubber wheels. Three carts 

were used at the column ends connected to the movable steel 

beam and the rema in ing two carts supported the m i dd I e of 

the specimen beams. The six solid steel pins used to 

connect all clevices at the column ends represent points of 

contraflexure in the columns, because this set-up provided 

an essentially moment-free correction at the ends of the 

columns. Figure 2.10 shows the specimen after the form was 

removed. 

Spring Return Linear Position Sensor Modules 

(SRLPSM) w~re attached to the specimen surface at pre

selected locations to measure the joints and the beams 

rotations. A detailed discussion of the displacement 

transducers is presented in Appendix F. 

To apply the column axial loads, two high strength 

7-wire steel strands were extended along the lateral faces 

of each column. The strands passed through 1/2 in. 

diameter holes in the male clevice bases and were post-
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Fig. 2.9. Complete assembly for beam and column cages. 

Fig. 2.10. Specimen after the removal of the form. 
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tensioned by a hydraulic jack. Aluminum load cells and 

strand anchors were attached to the strand ends behind the 

male clevice bases. Figure 2.11 shows the arrangement for 

post-tensioning one strand. 

Strain gages, displacement transducers and actuator 

wires were connected to the testing equipment. Shear 

forces were applied to the top flange of the movable steel 

beam using the hydraulic actuator. The testing equipment 

is explained in more detail in Appendix G. 

2.6 Instrumentation and Data Collection 

Data for each specimen were obtained from the 

following sources: (1) the load cell and the displacement 

transducer of the hydraulic actuator, (2) the displacement 

transducers mounted over the joints and at the beam regions 

near the column faces, (3) electrical resistance strain 

gages attached to the reinforcing bars, (4) aluminum load 

cells anchored to the steel strand ends, and (5) photo

graphic records of the crack and damage progress. 

The technique used for gathering the data from the 

first four sources throughout the test are as follows: 

During each cycle of testing, loading was stopped for a few 

seconds at several points while all data were read through 

an electrical scanning device (HP 3947 data acquisition). 

The readings were automatically printed on paper. At the 

end of each test, data were stored on two floppy disks. 



Fig. 2.11. Post-tensioning arrangement for the steel 
.strands. 
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These were later used to get the desired plots via the HP 

9836S computer and the HP 7470A plotter. A complete 

description of the testing equipment with figures is given 

in Appendix G. 

The yield displacement, yield load, and the overall 

integrity for each specimen were obtained from the hystere

sis loops of the applied shear force vs. the specimen 

displacement at the point of the application of the load. 

These data were continuously plotted and upgraded on the 

computer screen during the test. 

Twenty-eight Spring Return Linear Position Sensor 

Modules (SRLPSM) ·were distributed over the upper lateral 

face of the joint boundaries and at the top and bottom 

faces of the beam regions near the columns internal faces 

as shown in Fig. 2.12. The data form these displacement 

transducers were used to determine the joint deformations 

and the beam rotations. Appendix F contains further 

discussion of the displacement transducers, the procedure 

used to attach them to the specimen surface, and their 

calibration. 

An average of fifty electrical resistance strain 

gages were attached to the reinforcing bars at the critical 

sections of each specimen. Figure 2.13 shows typical 

locations of all strain gages. The strain gage data were 

used to determine the yielding as well as slippage of the 
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reinforcing bars. Full details of strain gage applications 

are given in Appendix C. 

Four strain gages were connected in series and 

mounted to the external surface of each aluminum load cell 

following the procedure described in Appendix C. These 

load cells, in addition to the steel strands, strand 

anchors and a hydraulic jack, were used to apply the column 

axial loads. Any changes in the column axial loads during 

the test were detected through the data provided by the six 

load cells. Appendix G contains complete details of the 

clevices used to apply the axial loads and their calibra

tion. 

In order to differentiate between the two direc

tions of loading, crack propagations on the specimens were 

marked by black and red felt-tipped pens at the points 

corresponding to the maximum displacement in each cycle of 

loading. At the end of each repeated cycle, the loading 

was stopped briefly while black and whi te photographs and 

color slides were taken. 

2.7 Loading Sequence 

For all specimens, the loading from the actuator 

was controlled by the displacement mode. Due to the 

complex nature of earthquake loading, researchers have not 

reached a consensus for a preferred loading history to 

simulate earthquake motions. The displacement controlled 

----------------------
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loading history selected for this study contains a 

repetition of each cycle as shown in Fig. 2.14. Useful 

information can be obtained from the specimen response when 

subjected to such loading schedule. This includes strength 

and stiffness degradation, yield displacement, displacement 

ductilities and the ratio of the load in one cycle to the 

subsequent cycles' loads. 

In general, there are three possibilities for the 

response of the subassemblages to such loading history as 

shown with dashed lines in Fig. 2.15. The first possibil

ity indicates no loss in stiffness and strength: the second 

possibility reflects a loss of stiffness only: the third 

possibility represents a loss of both stiffness and 

strength. 

It is recognized that the last cycles in this 

loading schedule may violate the upper limit for allowable 

story drift in most building codes. However, collecting as 

much information as possible about the behavior of each 

specimen was the rationale for selecting such a severe 

loading schedule. 
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CHAPTER 3 

TEST RESULTS 

3.1 Introduction 

The overall behavior of the specimens were analyzed 

using the different types of data collected during the 

tests, which include the following categories: 

1. Continuous plots of the applied shear vs. specimen 

displacement at the point of application of the load (i.e., 

the hysteresis diagrams). 

2. Strain history from the gages attached to the 

reinforcing steel. 

3. Data from displacement transducers positioned over 

the joints' boundaries and at the regions of the beams near 

the faces of the columns. 

4. Photographic records of the cracking patterns in 

the specimens. 

5. Data from the load cells anchored to the strands 

which were used to apply axial loads to the columns. 

Discussion of the individual specimen behavior 

based on a description of visual observations made during 

test ing and the effect of each selected variable will be 

covered in this chapter. 

64 
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Because the amount of data available for each test 

is very large especially from the strain gages and the 

displacement transducers, typical examples with a tabula

tion of the most useful information from the recorded data 

will be presented in each section. 

3.2 Load vs. Displacement Plots 

Plots of load vs. displacement are considered the 

most important source of information for two reasons: 

1. For statically indeterminate structural systems, 

the hysteresis loops represent the combined behavior of the 

elements, because formation of a plastic hinge allows a 

subsequent redistribution of forces until yielding is 

reached in a sufficient number of other locations to form a 

collapse mechanism. 

2. Useful information can be obtained from these loops 

such as the maximum shear strength applied to the specimen 

during any load cycle, the degradation of the load-carrying 

capacity and stiffness, and the energy dissipated during 

any cycle. 

In this study, all specimens were subjected to the 

same displacement schedule, Fig. 2.14. The displacements 

were applied at the upper flange of the movable steel beam, 

and were defined as positive displacements when the beam 

was moved to the right, and negative displacements when the 

beam was moved to the left, Fig. 2.5. The final obtained 
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load-displacement curves for each specimen are shown in 

Figs. 3.1 through 3.4. 

As explained in Section 2.5, the given load vs. 

displacement plot for the first specimen represent~ the 

modified one for the supports and the reaction box move

ments as well as the actuator slippage. A complete expla

nation for modifying the load vs. displacement plot for 

specimen number one is given in Appendix H. 

Due to the equality of positive and negative bend

ing reinforcement in the beams and the equal displacements 

in both directions of loading, the resulting positive and 

negative portions of each specimen hysteresis loop were 

almost symmetrical and identical in values; therefore, the 

discussion in this section will be limited to the average 

load for the positive and the negative cycles. For com

parison and convenience, the positive and the negative 

maximum shear force applied to the specimens during each 

displacement cycle with the corresponding displacement are 

given in Table 3.1. 

For all specimens, there was a noticeable change in 

the slope of the hysteresis loops near the peak points. 

This was due to the fact that as the loading exceeded the 

first yield load of the specimen, new hinges formed at new 

locations while the old hinges strain hardened as demon

strated in Fig. 3.5. Consequently, unlike a ,statically 
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Table 3.1. Cyclic load of specimens 

positive and negative peak loads (kips) 

Cycle Specimen Specimen Specimen Specimen 
Number Number 1 Number 2 Number 3 Number 4 

1+ 10.94 22.15 22.28 21.55 
1- -10.75 -20.59 -24.52 -24.12 

2+ 22.98 36.86 39.46 38.28 
2- -26.35 -35.65 -42.65 -40.64 

3+ 23.23 36.15 38.96 37.05 
3- -26.17 -34.00 -40.86 -39.23 

4+ 39.79 50.40 54.24 52.79 
4- -43.93 -48.21 -56.13 -53.78 

5+ 39.72 49.09 50.94 51.18 
5- -43.28 -47.00 -54.25 -52.44 

6+ 56.06 59.44 64.13 63.10 
6- -57.45 -56.08 -63.81 -61.14 

7+ 55.17 56.57 59.93 59.80 
7- -55.84 -54.09 -59.55 -58.81 

8+ 66.03 61.45 64.87 65.13 
8- -64.68 -56.51 -60.03 -62.18 

9+ 63.03 56.75 56.84 59.59 
9- -62.54 -52.74 -53.39 -57.34 

10+ 69.44 58.72 57.75 61.57 
10- -66.84 -52.92 -52.21 -57.75 

11+ 65.62 52.57 49.91 54.69 
11- -64.18 -46.89 45.10 -51.22 



Table 3.1--Continued 

Positive and negative peak loads (kips) 

Cycle Specimen Specimen Specimen Specimen 
Number Number 1 Number 2 Number 3 Number 4 

12+ 69.74 53.45 50.13 53.85 
12- -67.35 -47.15 -43.17 -50.31 

13+ 66.46 45.68 42.89 46.92 
13- -63.04 -40.90 -35.94 -42.84 

14+ 69.50 45.82 43.61 44.91 
14- -64.92 -40.13 -34.92 -40.63 

15+ 66.88 42.27 40.72 39.39 
15- -61.09 -36.96 -30.96 -35.79 

For specimen 1, the maximum displacement at the ends of 
cycles 1 through 15 were ± 0.26, ± 0.68, ± 0.68, ± 1.12, 
± 1.12, ± 1.57, ± 1.57, ± 2.06, ± 2.06, ± 2.56, ± 2.56, 
± 3.06, ± 3.06, ± 3.55, and ± 4.06 inches, respectively. 

For the last three specimens, the maximum displacement at 
the ends of cycles 1 through 15 were ± 0.5, ± 1.0, ± 1.0, 
± 1.5, ± 1.5, ± 2.0, ± 2.0, ± 2.5, ± 2.5, ± 3.0, ± 3.0, 
± 3.5, ± 3.5, ± 4.0, and ± 4.5 inches, respectively. 

Cycles 3, 5, 7, 9, 11, and 13 are repeated cycles for the 
original cycles of the same displacement. 
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determinate joint subassembly, the observed flattening of 

the hysteresis loops does not represent the yielding of a 

particular element. 

As explained in Section 2.7, the loading sequence 

was selected so that the load vs. displacement plots would 

indicate the loss in load-carrying capacity and the degra

dation of stiffness of the specimen in subsequent cycles. 

3.2.1 Strength 

To examine the ability of each specimen to achieve 

the theoretical design load, the ratios of the average of 

the positive an~ negative maximum shear force carried 

during each cycle of loading (repeated cycles were 

excluded) to the expected design strength were studied. 

These ratios are given in Table 3.2(a) and plotted graph

ically vs. the cycle numbers in Fig. 3.6. In calculating 

the theoretical design loads, ultimate strength capacity of 

the beams based on the measured material properties with 

10% increase in the yield stress of the longitudinal 

reinforcement to account for strain hardening were used. 

Due to the equality of positive and negative bend

ing reinforcement in the beams, the design strength of each 

specimen in each loading direction is identical. For 

convenience, the expected design load for each specimen is 

indicat~d on the hysteresis diagrams. 
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Table 3.2(a). Maximum cyclic strength of specimens 

Ratios of average peak shear force at each 
cycle to the expected design strength* 

Cycle Specimen Specimen Specimen Specimen 
Number Number 1 Number 2 Number 3 Number 4 

1 0.201 0.385 0.334 0.412 

2 0.457 0.653 0.587 0.711 

4 0.775 0.888 0.788 0.960 

6 1. 051 1. 041 0.914 1.119 

8 1. 210 1. 063 0.892 1.147 

10 1. 262 1. 006 0.785 1.075 

12 1. 269 0.906 0.666 0.938 

14 1. 245 0.774 0.561 0.771 

15 1.185 0.714 0.512 0.677 

*Repeated cycles are excluded. 
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Table 3.2(b). Yielding cyclic strength of specimens 

Ratio of average positive and negative peak 
load at each cycle to the yielding load* 

Cycle Specimen Specimen Specimen Specimen 
Number Number 1 Number 2 Number 3 Number 4 

1 0.226 0.429 0.360 0.458 

2 0.514 0.728 0.632 0.791 

4 0.872 0.990 0.849 1. 068 

6 1.182 1.160 0.984 1.245 

8 1. 361 1.185 0.961 1.275 

10 1. 419 1.121 0.846 1.195 

12 1. 428 1.010 0.718 1.043 

14 1. 400 0.863 0.604 0.857 

15 1. 333 0.796 0.551 0.753 

*Repeated cycles are excluded. 



SPEC. 1 
------------ SPEC. 2 

WI --- SPEC. 3 
--II 
UI --------- SPEC. 4 
G: 1.5 

I 
IICI 
Ula: 
a:10 
W --I ~---
I- Z 1 

/'" --... - ---- --........... 
a: l-' 

~--:;" - --- -:-~ 
Z ~"" ..........---- -- ... 

CI H "/ --- ... ~ , ~ 

a: (f) 
, --............ "'-

o W 
' , --=:..- -

--I CI 
A;~ --............ --~ 

. . 5 ;/;/Y" ---x 
a: ~W' 
I: 

, 
f7 

o / ; I I I 

0 1 2 
I 

3 4 

DISPLRCMENTCIN. ) 

Fig. 3.6. Ratio of the average positive and negative peak load at each 
original cycle to the expected design load vs. the displacement. 

~ 
-...J 



78 

As can be seen in Fig. 3.6, the first specimen was 

not only able to reach its predicted design strength, but 

was capable of maintaining the level of the design load 

during the test. The maximum resisted load of this speci

men was 1.27 times the expected strength. This indicates 

that the different components of the first specimen were 

able to develop their design strength during the test with 

a well stretch in the strain hardening for the longitudinal 

reinforcement. 

As Table 3.2(a) indicates, specimens two and four 

also achieved their design strength during three cycles of 

loading with maximum strengths of 1.06 and 1.15 times the 

expected design load, respectively. After the eighth 

displacement cycle, the load-carrying capacity of these two 

specimens started to decrease. 

As Fig. 3.6 demonstrates, the third specimen was 

incapable of achieving its expected design strength during 

the test. ·The maximum load carried by this specimen during 

the test was 0.91 times the design load. This indicates 

that the elements of specimen 3 were unable to develop 

their expected strength during the test. 

To study the deterioration of the load-carrying 

capacity for each specimen, it was decided to use the 

ratios of the average of the peak shear resisted during 

each displacement cycle (repeated cycles were excluded) to 
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the yielding load. These ratios are presented in Table 

3.2(b) and plotted in Fig. 3.7 for ease of comparison. For 

each specimen, the yielding load is defined as the load 

which produces the yielding moments in the specimen's 

beams. In calculating the yielding loads, measured 

material properties were used. 

For convenience, the yielding load for each speci

men is indicated on the plot of the load vs. displacement. 

As can be seen in Fig. 3.7, the first specimen was 

able to maintain the level of the yielding load for the 

entire duration of the displacement schedule. Also, this 

specimen showed an increase in the load resistance during 

each additional cycle up to the 3.0 inch displacement with 

a maximum strength of 1.43 times that of yielding strength. 

As Table 3.2(b) illustrates, specimens two and four 

also showed a capability for maintaining the yielding 

strength for almost four additional displacement cycles 

with maximum load resistance of 1.19 and 1.28 times the 

yielding load, respectively. In addition, these two speci

mens experienced losses of 20 and 25 percent in load

carrying capacities with respect to the yielding strength 

by the end of the tests. 

As Fig. 3.7 indicates, the third specimen was 

unable to achieve the yield strength level during the 

entire duration of the displacement schedule with maximum 

~~ - .---~-----~-~-------------
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load-carrying capacity of 0.98 times the yielding load. 

Also, by the end of the test, the load resistance of this 

specimen was reduced to approximately 55% of the yield 

load. 

Spreading the plastic hinges of the beams over a 

ten inch length away from the faces of the joints and the 

satisfactory performance o~ the joints is reflected in the 

rapid increase of the load-carrying capacity of specimen 

number one. The clear decrease in the load-carrying 

capacity for specimen two was related to the slippage of 

the longitudinal reinforcement of the columns as well as 

the confinement deterioration of the joints which resulted 

from the localized plastic hinges of the beams at the faces 

of the columns. In the case of the third specimen, the 

concentration of the damage in the joints due to the 20 to 

35 percent increase in the shear-stress factors (y) of the 

joints caused the third specimen's inability to achieve the 

yield load. Hence, a continuous reduction in the resisted 

shear forces by specimen 3 after the eighth cycle of load

ing resulted. In specimen 4, spreading the deterioration 

of the localized beam plastic hinges at the faces of the 

columns toward the joints as well as the inadequate trans

verse reinforcement in the right exterior joint influenced 

this specimen's capability to maintain the yield load for 

longer displacement cycles. Therefore, the load-carrying 
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capacity of specimen 4 started to decrease after the eighth 

cycle of loading. 

To investigate the amount of strength loss in the 

repeated displacement cycles for all specimens, the 

observed maximum loads in the repeated cycles were normal

ized with respect to the maximum shears in the original 

cycles of the same displacement as shown in Table 3.3 and 

Fig. 3.8. In general, the loss in the load-carrying capac

ity when the displacement cycle was repeated increased as 

the test progressed. Specimen number one showed a loss in 

the strength of zero to 5 percent. Specimens two, three 

and four experienced a loss in the load-carrying capacity 

of 3 to 15 percent. 

3.2.2 Stiffness 

Stiffness is an important measure of the perform

ance of the elements. In general, it can be seen that all 

specimens suffered a reduction in stiffness during each 

additional displacement cycle and substantially in the mid

cycles near the zero displacement point as indicated by the 

pinching of the hysteresis loops. A close examination of 

the load vs. displacement plots for all specimens indicates 

that specimen number one had the lowest pinch i ng and the 

highest initial stiffness. Also, these hysteresis loops 

showed that specimen number four had less pinching than 

specimens two and three. The variation in the degree of 
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Table 3.3. Repeated cyclic strength of the specimens 

Repeated Ratio of average positive and negative 
Cycle maximum strength at each repeated cycle 
Number/ to the original peak load cycle 

Original 
Cycle Specimen Specimen Specimen Specimen 
Number Number 1 Number 2 Number 3 Number 4 

3/2 1.001 0.968 0.972 0.967 

5/4 0.991 0.974 0.953 0.972 

7/6 0.978 0.958 0.934 0.955 

9/8 0.961 0.928 0.883 0.918 

11/10 0.952 0.891 0.864 0.888 

13/12 0.945 0.861 0.845 0.862 
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pinching for the specimens was primarily related to the 

values of the selected variables. 

The loss of stiffness near the zero displacement 

point (i.e., pinching at mid-cycle of the hysteresis loops) 

is caused mainly by unclosing of flexural cracks in the 

hinging zones of the beams, shear deformation of the joints 

and slippage of the reinforcing bars due to the loss of 

bond in severely damaged regions. In addition, the move-

ments of the testing frame and the reaction box can con

tribute to the pinching of the hysteresis curves. In 

general, any slight, relative movement between the specimen 

and th8 different parts of the testing system can cause 

significant softening of the stiffness near the zero dis

placement points. 

Slippage of the longitudinal bars of the beams 

through the interior joints, concrete deterioration in and 

adjacent to the joints, the Bauschinger effect in the 

reinforcing steel, and slippage of the longitudinal bars of 

the columns through the joints (especially in the case of 

the last three specimens) were considered the main contrib

uting factors in causing the observed rapid degradation of 

the stiffness during each additional cycle of loading. 

For the purpose of numerical comparison, the 

average of the positive and negative half-cycle stiffnesses 

of each specimen were normalized with respect to its 
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initial stiffness. These results are listed in Table 3.4. 

A plot of the normalized stiffness vs. the displacement is 

shown in Fig. 3.9. The stiffness of the specimens at each 

half-cycle was defined as the slope of a line tangential to 

the load-deflection curve and passing through the zero 

displacement crossing point as shown in Fig. 3.10. It can 

be seen from Table 3.4 that the first specimen lost almost 

70 percent of its initial stiffness by the end of the test 

while the last three specimens lost approximately 84 per

cent of their initial stiffness. 

3.2.3 Energy Dissipation 

The ene~gy dissipated by each specimen during a 

loading cycle is represented by the area enclosed within 

the load vs. deflection curve. The amount of energy dissi

pated by each specimen during various loading cycles is 

given in Table 3.5. A plot of these values vs. cycle 

numbers is shown in Fig. 3.11. 

It can be seen from Fig. 3.11 that specimen 1 

dissipated the largest energy. This resulted from the 

satisfactory performance of the joints in this specimen 

during the test. The ability of the beams of the first 

specimen to spread the plastic hinges over a ten-inch 

length from the faces of the columns contributed to the 

good behavior of the joints. 
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Table 3.4. Cyclic stiffness of specimens 

Average positive and negative half-cycle 
stiffnesses normalized with respect to 

the first cycle stiffness 

Cycle Specimen Specimen Specimen Specimen 
Number Number 1 Number 2 Number 3 Number 4 

1 1.0 1.0 1.0 1.0 

2 * 0.685 0.741 0.775 

3 * 0.649 0.699 0.732 

4 * 0.642 0.652 0.692 

5 * 0.629 0.608 0.646 

6 0.678 0.609 0.570 0.606 

7 0.651 0.553 0.508 0.546 

8 0.615 0.530 0.475 0.510 

9 0.575 0.419 0.386 0.436 

10 0.552 0.387 0.347 0.404 

11 0.500 0.320 0.275 0.323 

12 0.473 0.284 0.241 0.288 

13 0.396 0.238 0.199 0.234 

14 0.371 0.206 0.180 0.200 

15 0.311 0.172 0.152 0.167 

*It is difficult to evaluate from the hysteresis diagram. 
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Table 3.5. Energy dissipations of the specimens (kip-in.) 

Cycle Specimen Specimen Specimen Specimen 
Nmnber Number 1 Number 2 Number 3 Number 4 

1 4.652 7.600 5.815 6.978 

2 9.304 15.400 13.956 13.956 

3 6.978 7.000 9.304 8.141 

4 16.282 23.000 26.749 23.26 

5 12.793 17.000 18.608 16.980 

6 38.379 42.000 43.031 43.496 

7 30.238 31.000 41.868 33.029 

8 77.921 70.000 79.551 69.78 

9 55.824 51.000 62.802 59.546 

10 94.203 88.000 88.388 90.481 

11 70.943 70.000 72.106 76.758 

12 120.952 94.000 89.551 100.483 

13 101.181 74.000 67.454 85.597 

14 146.538 90.000 90.714 101.181 

15 181.438 100.00 88.388 106.996 

Total 967.616 770.000 808.285 836.662 
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As Table 3.5 demonstrates, the second specimen had 

the lowest energy dissipation because the joints of this 

specimen were deteriorated during the test from the 

localized plastic hinges of the beams at the faces of the 

joints. However, the last three specimens showed com

parable values of the total energy dissipation. 

In general, the results indicate that a decrease in 

the flexural strength ratio, an increase in the joint 

shear-stress factors, a decrease in the joint transverse 

reinforcement, result in a concentration of damage in the 

joints. This will reduce the total energy dissipated by 

the specimen. 

3.3 Strain in Reinforcement 

As discussed previously, an average of fifty strain 

gages were used in each specimen. The location of these 

gages are shown in Fig. 2.13. Data from these strain gages 

were used mainly in confirming various visually observed 

responses, and in determining the yielding of reinforcement 

as well as in detecting the spreading of the plastic hinges 

of the beams and the slippage of the longitudinal bars of 

the columns and beams through the joints. 

3.3.1 Transverse Reinforcement 

The observed shear cracks in the joints and the 

regions of the beams near the faces of the columns during 
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the tests could be confirmed from the changes in the strain 

of the joints' hoops and the beams' stirrups. The applied 

load vs. the interior joint hoop strain and the right beam 

stirrup strain for specimen 3, at gage locations 22 and 11 

are shown in Figs. 3.12 and 3.13, respectively. As can be 

seen in these two figs., the sudden increase in the strain 

from point A to B indicates that the tensile strength of 

the concrete was exceeded and the stresses carried by the 

concrete were suddenly transferred to the steel due to the 

cracking of the concrete. 

For each specimen, the observed small changes in 

the slope of the load vs. deflection curve during the first 

three cycles of loading resulted from shear crack formation 

at the beams and the joints. This supposi tion was la ter 

confirmed by the data provided by the transverse reinforce

ment of the joints and the stirrups of the beams. In Figs. 

3.12 and 3.13, the loads corresponding to the two points 

marked A identify loads which produce the first shear crack 

formation at the middle joint and at the right end of the 

right beam in the third specimen, respectively. These two 

loads were exactly the same loads at the beginning of two 

small changes in the slope of the third specimen hysteresis 

diagram at point 1 and 2. 

In general, yielding of the transverse reinforce

ment of the beams and the joints represents a partial loss 
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of the concrete core confinement which helps to deteriorate 

the joints and the beams in regions near the yielded ties. 

This may result either from inadequate transverse rein

forcement or from high shear stresses. In Fig. 3.12, the 

flattening portion between points C and D during the eighth 

displacement cycle was assumed to indicate yielding of the 

joint hoop. In Fig. 3.13, the strain in the beam stirrup 

never reached the yielding strain. 

For comparison purposes, the results from the 

strain gages attached to the ties of the beams and the 

joints for all specimens are given in Tables 3.6 and 3.7, 

respectively. It can be seen from Table 3.6 that, for all 

specimens, the stirrups of the beams did not yield. This 

indicates adequate transverse reinforcement design of the 

beams as discussed in Appendix A. The strain level in 

these stirrups was kept small during the tests. However, 

in the first specimen, the stirrups recorded higher levels 

of strain, "because of the spreading of the plastic hinges 

of the beams over a distance of ten inches from the faces 

of the columns. Also, it was observed that the regions of 

the beams near the faces of the columns for all specimens 

cracked during the first three loading cycles at a load 

between 13 and 33 kips. 

The results provided by the hoops of the joints, as 

shown in Table 3.7, indicate that the ties of the two 



Table 3.6. Summary of the results from strain gages at beam stirrups 

Left beams Right beams 

Left ends Right ends Left ends Right ends 

Gage location Gage location Gage location Gage location 
Specimen 

Number 33 31 29 27 16 13 11 9 

1 N.Y. N.Y. N. Y. N.Y. N.Y. N.Y. N.Y. N.Y. 
16 -30 28 16 18 27 -15 13 

950,15 1650,15 1180,15 1000,15 1300,15 1750,15 1300,15 1350,15 

2 N.Y. N.Y. N.Y. N.Y. N.Y. N.Y. N.Y. N.Y. 
13 -13 13 13 13 13 15 15 

110,15 400,15 140,15 160,15 150,15 230,15 850,15 200,15 

3 N.Y. N.Y. N.Y. N. Y. N.Y. N.Y. N.Y. N.Y. 
15 26 24 16 15 33 31 14 

190,15 360,15 425,15 220,15 300,15 650,15 640,15 250,15 

4 N.Y. N.Y. N.Y. N.Y. N.Y. N.Y. N.Y. N.Y. 
13 21 21 13 13 23 -23 15 

200,15 725,15 525,15 250,15 175,15 725,15 655,15 215,15 

Note: For each specimen, the first row represents yielded or not yielded; the second row 
represents the loads corresponding to the first crack in the beams; and the third row 
lists the maximum strain in microstrain and the cycle number. 
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Table 3.7. Sunmary of the results from strain gages at joint hoops 

Left joints Middle joints Right joints 

Specimen 
Gage location Gage location Gage location 

Number 38 39 40 21 22 23 3 4 5 

1 y,15 Y,15 Y,15 N.Y. N.Y. N.Y. Y,15 Y,15 Y,15 
26 28 31 -13 13. -13 -23 23 25 

-33 -31 -33 23 25 23 28 -30 -32 
2500,15 2700,15 2900,15 1700,15 2000,15 2200,10 2660,15 5100,14 2840,15 

2 Y,14 y,12 Y,12 Y,lO * Y,lO Y,12 Y,15 Y,12 
-20 22 14 -12 -12 -12 -12 23 22 

28 -23 -24 30 22 22 22 -28 -21 
4500,14 3500,14 3500,15 4000,11 1200,4 2700,12 3300,15 2900,15 3450,14 

3 Y,8 Y,8 Y,8 y,8 y,8 y,8 Y,8 Y,8 Y,8 
23 23 23 -18 15 15 -15 30 -16 

-30 -23 -23 29 -15 -15 23 -30 28 
2200,9 1900,8 3500,13 2500,9 2900,9 3600,15 2300,10 2950,10 2450,9 

4 Y,12 Y,12 y,12 Y,lO Y,lO Y,8 Y,8 ** Y,8 
28 -23 -23 13 13 13 -15 "1<"1< -23 

-29 31 35 -30 -15 -15 30 25 
3600,13 3050,12 2700,12 4300,12 3900,12 2800,9 5000,10 ** 2100,7 

Note: For each specimen, the first reM represents the yield and the cycle corresponding to this 
yield. The second row represents the loads corresponding to the first diagonal crack in the joints. 
The third row represents the maximum strain in microstrain and the corresponding cycle. 

* Strain gage was damaged. 
**No strain gages at this location. 
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exterior joints in specimen number one yielded during the 

last cycle of loading, while the hoops in the middle joint 

did not yield at all. This indicates stable behavior of 

the joints in agreement with the visual observation during 

the test. For the second specimen, the ties of the middle 

joint yielded during the tenth cycle of loading, while the 

hoops of the two exterior joints yielded during the twelfth 

displacement cycle. The failure of this specimen to 

develop plastic hinges in the beams away from the faces of 

the columns was reflected in the relatively earlier yield

ing of the joints' hoops in this specimen compared to the 

first specimen. 

As Table 3.7 illustrates, all hoops of the joints 

of specimen number three yielded during the eighth cycle of 

loading, indicating high shear stresses in all joints. In 

the last specimen, the ties of the right exterior joint 

yielded during the eighth cycle of loading, while the hoops 

of the middle and the left joints yielded during the tenth 

and the twelfth displacement cycle,/respectively. In this 

particular specimen, yielding of the transverse reinforce

ment in the right exterior joint in an earlier cycle com

pared to the other two joints was due to inadequate joint 

hoops. Since the right exterior joint in this specimen was 

reinforced with two hoops compared to four hoops in the 

other joints, the portion of the total shear resisted by 
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each hoop was increased. Consequently, these hoops yielded 

before the hoops in the middle and left exterior joints. 

3.3.2 Longitudinal Reinforcement 

The measured strains from the longitudinal rein

forcement of the beams were used to confirm the observed 

wide flexural cracks on the front sides of the beams near 

the faces of the columns and in detecting the spread of the 

plastic hinges. In Fig. 3.14, the load point shear vs. the 

strain of the left beam longitudinal bar of specimen number 

one at gage location 32 is shown. This gage was located at 

ten inches away from the left exterior column face. As 

this fig. demonstrates, yielding occurred in tension during 

the positive half of the twelfth load cycle. Yielding of 

th isba rat this locat ion conf irmed the spreading of the 

plastic hinge away form the column face and the appearance 

of unclosed flexural cracks in this location. 

The applied load vs. the strain history of one 

longitudinal bar in the right beam of specimen number three 

at gage location 8 is shown in Fig. 3.15. This gage was 

located at the face of the right exterior column. It can 

be seen that no yielding occurred in this bar, typical for 

the rest of the bars in the beams of this specimen. 

Data from strain gages bonded to the longitudinal 

bars of the columns and located immediately above and below 

the joints were used in detecting the plastic hinge 
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formation in the columns. 
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Figure 3.16 shows the actuator 

load vs. the measured strain of the first longitudinal 

reinforcing bar in the right exterior column of specimen 

one at gage location 1. In this fig., the sudden increase 

in the strain during the tenth cycle of loading verified 

the yielding of this bar. 

The slippage of the longitudinal reinforcement of 

the columns and the beams through the joints was also 

detected from the data of the strain gages. Figure 3.17 

demonstrates the mechanism of the column and beam bar 

slippage through the joint. When the column is subjected 

to bending, the column and beam longitudinal reinforcement 

passing through the joint are in tension on one side of the 

joint and in compression on the other. 

If the column and beam reinforcing bars had a 

perfect bond, the strain would change its sense from com

pression to tension or vice versa somewhere within the 

joint as illustrated in Fig. 3.17(a). When the bond 

between the concrete and the longitudinal bars of the beam 

and the column has deteriorated, these bars are unable to 

sustain tension or compression and the strain changes from 

compression to tension or vice versa at the joint faces as 

indicated in Fig. 3.17(b). The strain history for the 

third bar in the middle column of specimen 2 at gage loca

tion 24 and the first reinforcing bar in the right beam 
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framing into the middle column of specimen 4 at gage loca

tion 18 are shown in Fig. 3.18 and 3.19, respectively. 

These two gages were located at the joint faces. It is 

clear that during the first three cycles of loading, the 

column and the beam bar were under compression and tension 

depending on the directions of loading. After the third 

cycle, the column and the beam bar were unable to sustain 

the increase in the applied load and the compression strain 

was changed to tension, indicating the deterioration of 

bond along the bars. 

The applied load vs. strain of the second longitud

inal bar of specimen 1 at the left exterior column and gage 

location 36 is shown in Fig. 3.20. This gage was located 

at the lower face of the left exterior joint. It can be 

seen that no slippage or yielding took place during the 

test in this particular bar. 

Tables 3.8 and 3.9 contain the summary of the 

results obtained from strain gages bonded to longitudinal 

reinforcement of the beams and columns, respecti vely. It 

is clear from these two tables that specimen 1 was not only 

able to form plastic hinges in the beams at the faces of 

the columns, but was capable of spreading these plastic 

hinges away from the faces of the joints after developing a 

sufficient number of plastic hinges in the columns. The 

recorded high strain values in the reinforcing bars in this 
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Table 3.8. Surrrnary of the results from strain gages at beam longitudinal reinforcement 

Left beams Right beams 

Left end region Right end region Left end region Right end region 

Specimen Gage location Gage location Gage location Gage location 
Nunber 35 34 32 30 28 26 18 17 15 14 12 10 8 

y,-8 Y,8 Y,12 Y,12 Y,10 y,-8 Y,-6 Y,8 y,15 Y,15 Y,12 Y,8 Y,-8 
1 N.S. N.S. N.S. N.S. V.L.S. N.S. V.L.S. V.L.S. N.S. N.S. N.S. N.S. N.S. 

-950 -700 -1000 -500 zero -150 zero zero -850 -500 -900 -600 -800 
11000 11740 7600 4750 12500 10700 19000 12000 2800 2600 6100 12500 14000 

Y,-8 Y,8 N.Y. N.Y. y,8 Y,-6 Y,-6 Y,6 N.Y. N.Y. N.Y. Y,8 Y,-10 
2 N.S. N.S. N.S. N.S. L.S. L.S. S.S. L.S. S.S. N.S. N.S. N.S. N.S. 

-1000 -1200 -850 -450 -200 -300 -450 -200 -550 -500 -800 -800 -1400 
7700 6150 2400 1950 3900 2950 5250 8700 1950 2200 2400 7700 . 5500 

N.Y. N.Y. N.Y. N.Y. N.Y. N.Y. N.Y. N.Y. * N.Y. * N.Y. N.Y. I 
3 N.S. N.S. N.S. N.S. S.S. N·S. N.S. S.S. * N.S. *- N.S. N.S. ! 

-2200 -950 -700 -1350 -1300 -2000 -2200 -800 -600 -800 -2300 I 

2350 2300 1800 1450 1900 2150 2200 2450 * 1800 * 2500 2300 ! 

Y,-6 Y,6 * ir N.Y. N.Y. N.Y. Y,8 N.Y. N.Y. * Y,6 Y,-8 
4 N.S. N.S. * * L.S. L.S. L.S. L.S. S.S. S.S. * N.S. N.S. 

-600 -900 -240 -250 -300 -120 -650 -550 -500 -900 
12000 10500 * * 2350 2200 2150 3000 1900 1850 * 9250 82500 

Note: For each specimen, the first row represents the yield and the cycle corresponding to this 
yield: the second row describes the slippage conditions of the beam longitudinal bars during the test 
(V.L.S. = very large slip, L.S. = large slip, S.S. = sma.ll slip, N.S. = not slipped): the third row 
lists the maxirm.nn strain in rnicrostrain. *No strain gage at this location. 

...... 

...... 
o 



Table 3.9. Sumnary of the results from strain gages at column longitudinal reinforcement 

Left exterior columns Middle columns Right exterior columns 

Gage location Gage location Gage location 
Specimen 
Nunber 42 41 37 36 25 24 20 19 7 6 2 1 

N.Y. Y,-lO N.Y. N.Y. Y,lO Y,-lO y,-8 y,12 N.Y. N.Y. Y,-6 Y,lO 
1 N.S. N.S. L.S. S.S. S.S. S.S. L.S. V.L.S. S.S. S.S. N.S. N.S. 

-1700 -480 -500 -1000 -250 -250 -100 zero -600 -700 -100 -500 
1900 15000 2200 2700 7400 6000 6200 4150 2100 2000 10150 15000 

y,8 Y,-8 N.Y. N.Y. N.Y. N.Y. N.Y. N.Y. N.Y. N.Y. Y,-6 N.Y. 
2 L.S. L.S. L.S. L.S. L.S. L.S. L.S. L.S. L.S. L.S. L.S. L.S. 

-600 -100 -600 -525 -550 -600 -750 _ -650 -400 -650 -450 -450 
5800 3000 1950 1950 2050 2000 2300 2250 1550 1400 10200 2000 

Y,8 N.Y. N.Y. N.Y. N.Y. N.Y. Y,-8 N.Y. N.Y. Y,-8 Y,-6 N.Y. 
3 L.S. V.L.S. L.S. L.S. V.L.S. L.S. S.S. L.S. L.S. S.S. L.S. V.L.S. 

-85 -90 -800 -250 zero -100 -600 -1200 -700 -450 -100 zero 
4200 2500 2950 2650 3000 2900 5300 3500 3300 3400 5150 2500 

Y,8 N.Y. N.Y. N.Y. y,8 Y,-8 y,-6 Y,8 N.Y. N.Y. Y,-6 N.Y. 
4 L.S. L.S. LoS. N.S. V.L.S. V.L.S. S.S. L.S. S.S. L.S. S.S. V.L.S. 

-150 -450 -750 -1050 -25 -40 -350 -250 -1200 -1300 -150 -50 
16500 2250 2150 2100 5200 3500 5750 4500 2400 2000 5400 2300 

----- --- - - ~- - ----

Note: For each specimen, the first reM represents the yield and the cycle corresponding to this 
yield: the second rON describes the slippage conditions of the column longitudinal 
reinforcement during the test (V.L.S. = very large slip, L.S. = large slip, S.S. = small 
slip, N.S. = not slipped) i the third rON lists the maxirm.nn strain in microstrain. 

I-' 
I-' 
I-' 
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specimen confirmed the spread of the yielding in the beams 

away from the column faces and good behaviors of the joints 

during the test. 

In specimen 2, as Tables 3.8 and 3.9 indicate, all 

longitudinal reinforcement of the beams yielded only at the 

faces of the columns, while most of the reinforcing bars of 

the columns recorded elastic strains. The large sl ippage 

of the columns through the joints was assessed to be the 

major factor for the absence of yielding in the reinforcing 

bars of the columns in this specimen. Since this specimen 

was similar to the first specimen except that the flexural 

strength ratios were reduced by 20 percent. This reduction 

in the flexural strength ratios was considered the only 

contributing factor in the observed increase in the 

deterioration of the concrete in the joints of specimen 2 

which, in turn, hindered the ability of the beams to spread 

the plastic hinges away from the faces of the columns. 

The results provided by the longitudinal reinforce

ment in specimen 3 indicate that yielding took place in 

only one reinforcing bar of each column as shown in Tables 

3.8 and 3.9. The only change between specimen 1 and this 

specimen was the higher shear-stress factors of the joints 

(y). The 20 to 35 percent increase in the shear-stress 

factors of the joints in specimen 3 was considered the only 

principal factor preventing the yield formation of the 
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longitudinal reinforcement of the beams and columns, 

because shear failure in the joints resulted before the 

increased values could be achieved which, in turn, caused 

the beams and the columns not to develop their strength. 

As can be seen in Tables 3.8 and 3.9, yielding in 

the reinforcing bars of the last specimen took place in the 

longitudinal reinforcement of the beams at the face of the 

two exterior columns and in the middle column bars. The 

large slippage in the longitudinal bars of the beams 

through the interior joint was assessed to be the primary 

factor for the lack of yielding in the reinforcing bars of 

the beams framing the middle joint. Since there were no 

strain gages attached to the longitudinal reinforcement of 

the beams at ten inches away from the two exterior column 

faces, formation of localized plastic hinges at the faces 

of the two exterior joints was assumed, based on the visual 

observations made during testing. Specimen 4 was similar 

to ~pecimen 1, but had two hoops in the right exterior 

joint. The 50 percent reduction in the transverse rein-

forcement of the right exterior joint in specimen 4 was 

considered the only major factor localizing the yield 

formation of the longitudinal reinforcement of the beams at 

the faces of the joints. 



114 

3.4 Displacement Transducer Data 

A total of twenty-eight displacement transducers 

were mounted over the front sides of the joint boundaries 

and at the top and bottom sides of the beams' regions near 

internal faces of the columns as shown in Fig. 2.12. 

Results from the joint transducers were used to 

evaluate the joint shear strains. The measured elongation 

or shortening of the beam transducers were used mainly to 

determine the beam elongation over a distance of ten inches 

from the column internal faces and to detect the spreading 

of the beam hinging zones over a length of twenty inches 

from the faces of the joints, particularly for the first 

specimen. 

3.4.1 Beam Rotational Angles 

Since there were no strain gages attached to the 

longitudinal reinforcement of the beams at twenty inches 

away from the faces of the columns for all specimens, the 

spread of the hinging zones of the beams to these locations 

could be detected either by comparing the elongations of 

the beams over the first and second ten inches from the 

faces of the joints or the rotations of the beam sections 

over the first and the second ten inches away from the 

faces of the columns. In the second method, if the 

rotation difference between these two sections is not 

large, the formation of the plastic hinges away from the 



faces of the columns is verified. 
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In calculating the 

rotations, it is assumed that the beam sections remained 

planar after loading. Considering the deformed 

configuration of a beam in Fig. 3.21, lines AA and BB 

represent the beam sections at the face of the column 

and twenty inches away from the joint face before loading, 

respectively. With the increasing strain in the beam's 

longitudinal bars, the length of the beam at the tension 

fiber increases due to the appearance of flexural cracks. 

Hence, lines A'A' and B'B' represent the above two sections 

after loading has been applied. The average measured beam

end rotational angle (81) can be calculated as: 

( 3 • 1 ) 

where, 01 = measured elongation or shortening of SRLPSMI 

02 = measured elongation or shortening of SRLPSM2 

hT = distance between the center of transducers one 

and two = 15.5" 

Similarly, the measured beam section rotation angle at 

twenty inches away from the column face (82) can be calcu

lated as: 

( 3.2) 
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(a) Before applying load (b) After applying load 

Fig. 3.21. Rotation of the beam sections near the faces of the columns and at 
twenty inches away from the faces of the. joints. 

I-' 
I-' 
0'1 



117 

where, °3 = measured elongation or shortening of SRLPSM3 

°4 = measured elongation or shortening of SRLPSM4 

Other parameters are the same as those in Eq. 3.1. 

The rotations of the right beam in specimen 4 at 

the face of the middle column and at twenty inches away 

from the middle joint face are shown respectively in Figs. 

3.22 and 3.23. As can be seen, Fig. 3.23 is not as regular 

and smooth as Fig. 3.22 due to the fact that all displace

ment transducers positioned on the upper and lower sides of 

the beams at twenty inches away from the faces of the 

columns were affected by the grooves in the plastic cubes 

holding the heads of the transducer tubes as shown in Fig. 

2.11. Hence, a discrepancy in the recorded data resulted 

from the confinement of the heads of the transducer tubes 

and the curved surfaces inside the grooves. By comparing 

the results provided in Figs. 3.22 and 3.23, it is clear 

that the peak rotations at the face of the column are an 

order of magnitude larger than the rotations at a distance 

twenty inches from the joint face. This indicates that the 

plastic hinging zone is concentrated at the end of the beam 

in this case. Observations during the test confirmed this. 

For all specimens, the average positive and nega

tive peak rotations of the beam during the original cycles 

of loading vs. displacement are given in Figs. 3.24(a) 

through 3.24(d). In each figure, the top diagram gives the 
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Fig. 3.22. Right beam rotation at face of interior column of specimen 4. 
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average rotation over the first ten inches of the beam 

while the bottom diagram gives the average rotation over a 

distance from 10 to 20 inches from the column faces. As 

can be seen in Fig. 3.24, the measured section-rotational 

angles of the beams over the first ten inches from the 

faces of the joints for all specimens are larger in values 

when compared to those over the second ten inches away from 

the faces of the columns. This indicates that the plastic 

hinging zones of the beams for none of the specimens spread 

to twenty inches from the faces of the joints. The con

clusions drawn from the data of the strain gages attached 

to the longitudinal bars of the beams at ten inches away 

from the faces of the columns, as shown in Table 3.8, 

indicated that yielding of the reinforcing bars of the 

beams in specimen 1 had spread over a distance of ten 

inches from the faces of the joints. For specimen 2 and 4, 

localized plastic hinges in the beams at the faces of the 

columns had been confirmed. 

It can be seen from Fig. 3.24 that the beams in 

specimen number one rotated more than the beams in the 

other specimens. For all specimens, the measured section

rotational angles of the beams at the faces of the joints 

ranged from 0.007 to 0.011 degrees, 0.005 to 0.0085 

degrees, 0.004 to 0.006 degrees, and 0.005 to 0.0081 

degrees at the 4.0 inch displacement level, respectively. 
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In general, the results indicate that an increase in the 

joint shear-stress factors, a decrease in the joint trans

verse reinforcement or a decrease in the flexural strength 

ratios results in a concentration of damage in the joint. 

This will reduce the rotation of the beams. 

If an interstory drift of 2 percent is used as 

reference for comparing the beams rotations of the speci

mens (Le., 2 inches of column displacement), then all 

beams showed almost identical values of rotations. This 

indicates that the effect of the design values for the 

primary variable in the last three specimens on the beams' 

rotations took place after the 2 inch displacement cycle. 

3.4.2 Beam Elongations 

When any beam to column connection is subjected to 

cyclic loading, the two extreme fibers of the beam will 

face alternate tension and compression. Since concrete is 

a brittle material, shear and flexural cracks will form 

after a small load is applied to the specimen. With an 

increase in the applied load, the flexural cracks will 

reach a point where they cannot be closed completely, 

especially after the yielding or slippage of the beam 

longitudinal reinforcement in the tension zones has taken 

place. Consequently, the length of the beam will increase 

with any additional strain in the beam longitudinal bars as 

shown in Fig. 3.25. 
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A plot of the average positive and negative peak 

elongations of the beams over a distance of 0 to 10 and 10 

to 20 inches from the internal faces of the columns vs. the 

displacement is shown in Figs. 3.26(a) through 3.26(d) for 

all specimens. Similar to Fig. 3.24, the top graph in 

these figures gives the average elongation over the first 

10 inches near the face of the columns and the bottom graph 

gives the average beam elongation from 10 to 20 inches from 

the faces of the columns. It can be seen that the beams in 

specimens one, two and four elongated more than the beams 

in the third specimen. For the first two specimens, the 

elongation of the beams at the faces of the joints ranged 

from 0.083 to 0.137 inches and from 0.065 to 0.099 inches 

at the 4.0 inch displacement level, respectively. For the 

last specimen, the maximum elongation of the beams was 

between 0.050 to 0.098 inches. 

In general, the performance of the joints has a 

significant effect on the elongation of the beams. When 

the beam-to-column connections are able to maintain their 

strength and stiffness due to proper design considerations, 

the beams are able to develop their full flexural strength 

and the flexural hinging zones extend over a larger dis

tance. Consequently, the beams will elongate more. How

ever, if the flexural strength ratio is reduced or the 

joints fail because of the high shear-stress factors in the 
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joints or inadequate transverse reinforcement, then the 

beams may not develop their full flexural strength. 

Therefore, a reduction in the elongations of the beams will 

occur. 

As Figs. 3.26(a) through 3.26(d) demonstrate, for 

drift levels not exceeding 2 percent (i. e., 2.0 inches of 

column displacement), the selected design values for the 

primary variables in the last three specimens had limited 

effect in reducing the elongations of the beams. 

3.4.3 Joint Shear Strains 

Due to unexpected damage to half of the displace

ment transducers which were mounted over the front sides of 

the joint boundaries, only the horizontal shear strains in 

the joints were evaluated. Considering the deformed 

configuration of a joint in Fig. 3.27, the first component 

of the joint shear strain (Yl) can be calculated as: 

where, 0jl = measured elongation of SRLPSMl 

hb = height of the beam 

( 3.3) 

Similarly, the second component of joint shear strain (Y2) 

can be calculated as: 

( 3.4 ) 
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where, oj2 = measured elongation of SRLPSM2. The average 

joint shear strain (Yj) was calculated using the following 

relationship: 

( 3 • 5 ) 

In order to compare the shear strain of the joints 

in different specimens, the average positive and negative 

peak shear strain in each joint during the original cycles 

of loading vs. displacement are shown in Figs. 3.28(a) 

through 3.28(c) for all specimens. As can be seen from the 

results provided by specimen I and 2, the reduction in the 

flexural strength ratios increased the shear strains of the 

joints after the 2 inch displacement level. Results from 

specimen land 3 indicate that an increase in the shear

stress factors of the joints also increased the shear 

strains of the joints after drift levels exceeding 2 

percent. By comparing the results for specimen 1 and 4, it 

is evident that the decrease in the right exterior joint 

transverse reinforcement of specimen 4 increased the shear 

strain in this joint after the 2 inch displacement level. 

As explained earlier, when the joints are able to 

maintain their strength and stiffness due to proper design, 

all inelastic action will take place outside the joint 

regions. This will lead to a reduction in the joint shear 

strains. 
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3.5 Crack Pattern and Failure Modes 

During each test the cracking pattern was carefully 

observed, marked and recorded as explained in Section 2.6. 

In order to make the description in this section more 

clear, the different sides of the specimens are identified 

as shown in Fig. 2.3. Information regarding failure 

mechanism and the severity of the cracks is provided as 

well. 

In all the specimens, diagonal cracks were formed 

on the front sides of the joints during the first two 

displacement cycles as shown in Fig. 3.29. With an 

increase in applied load, the number, length and width of 

the diagonal cracks increased. In general, the crack 

pattern consisted of two major diagonal cracks connecting 

the opposite corners of the joint and other smaller cracks 

parallel to the major cracks as shown in Fig. 3.30. 

By the end of the tests, the cracks in the joints 

on the front sides had spread into the columns above and 

below the joints for a distance of eight inches; the upper 

concrete cover at the joints was completely cracked as 

illustrated in Fig. 3.31. Because the specimens were 

tested horizontally on the concrete floor, the cracks on 

the back sides of the joints could not be observed. How

ever, parts of the concrete covers on the back sides of the 
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Fig. 3.29. Cracking pattern on the right exterior joint 
of specimen 2. 



Fig. 3.30. The increase in the diagonal cracks of the 
right exterior joint of specimen 2. 

Fig. 3.31. Extension of cracks into the columns by the 
end of the test. 
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joints spalled off during the last cycles of loading as 

shown in Fig. 3.32. 

For the last three specimens, the cracks in the 

joints were so extensive and deep that by the end of the 

tests the concrete cover on the front sides of the interior 

joints deteriorated and the concrete covers on the external 

s ides of the exterior joints dropped. Figure 3.33 shows 

the right exterior joint of specimen 3 at the end of the 

test. 

Shear and flexural cracks appeared at the front and 

lateral sides of the beams' regions near the joints during 

the first and the second loading cycles respectively. 

These cracks extended farther into the front sides of the 

beams and the flexural cracks due to positive and negative 

bending joined together forming a grid of inclined cracks 

by the end of the 1-1/2 inch displacement cycle as shown in 

Fig. 3.34. With each additional displacement cycle, the 

length as well as the width of the cracks increased espe

cially for those at and near the internal faces of the 

columns, and new cracks formed in the beams farther away 

from the faces of the joints. 

For the first specimen, the concrete cover of the 

top and bottom sides of the beams near the faces of the 

columns spalled off before the end of the tests as shown in 

Fig. 3.35. At the conclusion of the test, shear and 



Fig. 3.32. Spalling of the bottom cover of the middle 
joint. 
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Fig. 3.33. Right exterior joint of specimen 3 by the end 
of the test. 
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Fig. 3.34. The spreading of the beam cracks by the end 
of the fifth cycle of loading for specimen 4. 
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Fig. 3.35. Spalling of the beam hinging zone concrete. 
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flexural cracks had spread into the beams for a distance of 

1.5 to 2.0 times the depth of the beams. Figure 3.36 shows 

the extension of the cracks in the right beam of the first 

specimen. 

In all specimens, two or three cracks were observed 

on both the exterior and interior faces of the columns far 

from the joint boundaries. Also, these cracks spread over 

the front sides of the columns as shown in Fig. 3.37. 

Two modes of failure were observed during the 

tests. The first mode was beam failure, where localized 

plastic hinges started near the internal faces of the 

columns, but then spread over a reasonable length from the 

faces of the joints as in specimen 1. The second mode was 

joint failure, where the joints failed to carry the applied 

loads due to spreading of the damage into the joints from 

the localized plastic hinges in the beams at the faces of 

the columns as in specimen 2 or the large shear stresses in 

the joints as in specimen 3 or the inadequate transverse 

reinforcement in one joint as in specimen 4. 

3.6 Column Load Cell Data 

Data from strain gages attached to the external 

surfaces of the aluminum cells were used mainly in detect

ing any change in the column axial loads during the tests. 

Table 3.10 contains the maximum percentage reduction in the 

column axial loads for specimens 1, 2 and 4. Since 



Fig. 3.36. 

Fig. 3.37. 
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Shear and flexural cracks covered the whole 
beam span by the end of the test. 

Flexural cracks on the columns. 
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Table 3.10. Maximum percentage reduction in the 
column axial loads 
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Specimen Left exterior Middle Right exterior 
Number column column column 

1 15 0 11.25 

2 0 17 0 

3 * * * 
4 11.4 20 17 

*Specimen three was designed with zero column axial loads. 
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specimen 3 was designed with zero column axial loads, there 

is no data listed for this specimen in this table. It can 

be seen that all columns experienced a loss in the axial 

load of 11 to 20 percent when the drift was 4.5 inches. 

Since the columns were designed for axial loads below 40% 

of the balance point, these small reductions did not affect 

the design or the general behavior of the specimens 

significantly. 

3.7 Adjusted Values for Primary Variables 

The actual test values for the primary variables 

are listed in Table 3.11. In calculating these values, the 

measured material properties were used and the strain 

hardening was neglected. For all specimens, the actual 

values of the primary variables are not exactly the same as 

the proposed design values listed in Table 2.2 but are in 

close agreement. 

In general, the actual test values for the primary 

variables are satisfactory in spite of the differences 

between the actual material properties and those assumed 

for the initial design. 

3.8 Individual Specimen Behavior 

The flexural strength ratio (MR)' the joint shear 

stress factor (Y) and the numbers of the transverse rein

forcement in each joint (Nh) are treated distinctly for 



Primary 
Variable 

MR 

V' J 
Y = 

b' hjf[ J c 

number of 
hoops in 
joints 
(#4 Gr 60) 

'------ -------

E = Exterior joints 
I = Interior joints 

Table 3.11. Actual test values for the primary variables 

Specimen Nt.rrnber 

1 2 3 

E I E I E I 

1.45 1.43 1.16 1.17 1.34 1.36 

12.04 13.35 12.57 15.30 15.33 20.99 

4 4 4 4 4 4 

- --- --------------- -- -- ------- ------ ----------- --------- - -----_ ... --- -- - -----

4 

E I 

1.41 1.37 

12.53 15.26 

4 
4 

2 
, 

I 
-----------_ .. _--- -_ .... _---_ .. __ ._._---

I-l 
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each spec imen in the following sections. The subscripts 

(E) and (I) were used to distinguish the exterior and 

interior joints in each specimen. The actual tested values 

for the primary variables are listed in Table 3.11. 

3.8.1 Specimen #1 

(MRE = 1.45, MRI = 1.43, YE = 12.04, YI = 13.35, 

Nh = 4 ~~4 Gr 60) 

This specimen was designed according to the current 

ACI-ASCE Committee 352 recommendations (2). As explained 

in Section 2.5, this specimen was tested twice. In the 

first test, the specimen was loaded through eleven dis

placement cycles. By the end of the first cycle, one shear 

crack appeared in the beams near the faces of the columns 

and one diagonal crack formed in the middle joint. At the 

end of the third cycle of loading no visible cracks could 

be found in the two exterior joints although another 

diagonal crack which crossed the first one developed in the 

interior joint. In addition to this, three scattered 

flexural cracks were noticed on the external sides of the 

exterior columns above and below the faces of the joints. 

Also, one additional crack formed on the beams at about two 

effective beam depths away from the faces of the columns. 

Figre 3.38 shows the specimen at the conclusion of the 

third displacement cycle. 



(a) Right exterior joint. 

Fig. 3.38. Specimen 1 at the end of the third cycle of 
loading. 

151 



I· 

\i!1 
.~ -

'~ J~:~~~ 
" . " . . " 

':'.1 

r·'\ 
.~;:. 

". 

(b) Interior joint. 

Figure 3.38--Continued 
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(c) Left exterior joint 

Fig. 3.38--Continued 
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By the end of the fifth cycle of loading, a few 

flexural cracks were observed in the middle column over a 

length of one column depth away from the joint faces. At 

this point, two diagonal cracks were visible in the 

exterior joints and the beam flexural and shear cracks 

extended over a distance of two beam depths away from the 

faces of the joints. In addition, movement from the reac

tion box and the supports as well as slippage between the 

actuator head and the movable steel beam was observed. 

Hence, dial gages were placed at the different parts of the 

testing system to measure the movements in order to make 

the necessary corrections. 

During the eighth and ninth displacement cycles, a 

few additional diagonal cracks were formed at the joints 

and two or three flexural cracks were visible in the beams 

near the internal faces of the columns. During the 

eleventh displacement cycle, the movement from the differ

ent parts of the testing system became so large that it was 

decided to stop the test immediately. Data from the strain 

gages attached to the different types of reinforcement 

indicated that this specimen was still under elastic 

response as demonstrated in the figs. of Appendix H. Some 

modifications were introduced in the testing system as 

explained in Appendix E. 
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In the second test, the specimen was displaced 

according to a predetermined loading sequence (Fig. 2.14). 

During the first five cycles of loading, only extensions of 

the previous cracks developed which indicates the possi

bility of loading this specimen during the first test to 

1.5 inch displacement rather than the recorded 3 inch 

displacement, due to the large movement of the different 

parts of the testing system. At the end of the seventh 

cycle of loading, the main cracks at the joints and the 

beams were fully visible; they were 0.02 inches wide. 

Also, the flexural cracks on the external sides of the 

exterior columns extended to the front sides. During the 

eighth and the ninth cycles, the cracks in the beams, 

especially those near the faces of the columns, started to 

widen more than the cracks in the joints. 

During the tenth and eleventh cycles, the main 

diagonal cracks in the joints were 0.035 inches wide for 

the two exterior joints and 0.05 inches wide for the middle 

joint. The cracks in the beams near the faces of the 

columns were 0.07 inches wide. Also, minor crushing of the 

beam concrete near the right joint had started. A close 

view of the three joints at the end of the eleventh cycle 

is present in Fig. 3.39. 

At the end of the thirteenth cycle, the concrete of 

the beams near the faces of the columns spa11ed off. 



156 

(a) Right exterior joint. 

. i 
" ~, , 

(b) Middle joint. 

Fig. 3.39. Specimen 1 at the end of the eleventh displace
ment cycle. 
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(c) Left exterior joint. 

Fig. 3.39--Continued 



158 

Before the last cycle of loading, a considerable mass of 

concrete dropped from the bottom side of the middle joint. 

The joints of this specimen showed extensive cracking by 

the end of the test, especially the middle one. The speci

men at the conclusion of the test is shown in Fig. 3.40. 

As shown in Fig. 3.1,. the load-carrying capacity of 

this specimen was stable and increasing until a displace

ment of three inches, after which a seven percent reduction 

in the strength became evident by the end of the test. As 

Fig. 3.8 illustrates, when a displacement cycle was 

repeated, the reduction in the load was between zero to 

five percent. This specimen showed a 45 percent loss in 

the stiffness by the end of the tenth displacement cycle as 

indicated in Table 3.4. 

Data from the strain gages, as shown in Tables 3.6 

through 3.9, indicated that this specimen was able to form 

a sufficient number of plastic hinges. Also, yielding in 

the longitudinal bars of the beams was spread over ten 

inches from the faces of the columns. In addition to this, 

the hoops of the joints in this specimen did not yield 

during the test and the reinforcing bars of the columns 

partially slipped through the joints. Therefore, this 

specimen behaved very well during the test and the failure 

of this specimen can be classified as a distributed hinging 
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(a) Right exterior joint. 

Fig. 3.40. Specimen 1 at the conclusion of the test. 
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(b) Interior joint. 

Fig. 3.40--Continued 
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(c) Left exterior joint. 

Fig. 3.40--Continued 
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in the beams in conjunction with good behavior of the 

joints. 

3.8.2 Specimen #2 

(MRE = 1.16, MRI = 1.17, YE = 12.57, YI = 15.30, 

Nh = 4 #4 Gr 60) 

The only change between specimen 1 and this speci

men was the lower flexural strength ratios. The 20 percent 

reductions in the flexural strength ratios were made to 

investigate possible differences in the performance of 

specimen 2 compared to specimen 1. 

At the end of the third displacement cycle, a few 

diagonal cracks were formed at the joints and several 

flexural cracks were visible in the beams over a distance 

of two times the beam depth from the faces of the columns. 

Also, one flexural crack was observed in each column above 

and below the joints approximately 8 inches from the joint 

faces. The width of these cracks was approximately 0.006 

inches. Figure 3.41 shows the specimen at the conclusion 

of the third cycle. 

During subsequent cycles of loading more inclined 

flexural-shear cracks formed in the regions of the beams 

near the faces of the columns and became wider with each 

additional load cycle. Also, the number of the cracks 

inside the joints and in the regions of the columns above 

and below the joints increased. By the end of the seventh 



(a) Right exterior joint. 

(b) Middle joint. 

Fig. 3.41. Specimen 2 at the end of the third displace
ment cycle. 
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(c) Left exterior joint. 

Fig. 3.41--Continued 
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cycle of loading, the diagonal cracks in the two exterior 

joints had expanded to the external sides of the columns. 

The main diagonal cracks in the joints were 0.04 inches 

wide while the cracks of the beams at the faces of the 

columns were 0.06 inches wide. 

During the eighth and ninth cycles of loading, more 

cracks developed in the joints with just a few additional 

cracks in the regions of the beams near the faces of the 

columns. In addition to these, one horizontal crack 

developed on the external side of the right exterior joint. 

Also, the diagonal cracks in the joints spread on the 

exterior and the interior sides of the upper and lower 

halves of the columns. 

At the end of the eleventh displacement, the middle 

joint had cracked considerably and part of the concrete 

cover started to spall off. Wide cracks were also observed 

at the column-beam interfaces and the two exterior joints. 

Figure 3.42 shows the three joints at the end of the 

eleventh cycle. 

During the last two cycles of loading, all the 

joints were extensively damaged and the concrete cover on 

the exterior side of the right exterior joint failed. The 

bottom concrete cover of the middle and the left joints had 

also spalled off. At the end of the test, the four hoops 

in the right exterior joint were visible. Figure 3.43 



Fig. 3.42. 

(a) Right exterior joint. 

(b) Interior joint. 

Specimen 2 at the end of the eleventh cycle 
of loading. 
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(c) Left exterior joint. 

Fig. 3.42--Continued 
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(a) Right exterior joint. 

L~> 
(b) Middle joint. 

Fig. 3.43. Specimen 2 at the conclusion of the test. 
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(c) Left exterior joint. 

Fig. 3.43--Continued 
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shows a close view for the specimen at the conclusion of 

the test. 

As shown in Fig. 3.2, the load-carrying capacity of 

the specimen continued to increase until the eighth cycle, 

after which the strength of the specimen dropped gradually. 

By the end of the test, the load decreased about 33 per

cent. When the displacement cycle was repeated, the reduc

tion in the strength was no larger than 14 percent as shown 

in Table 3.3. In addition, this specimen experienced a 61 

percent loss in the stiffness by the end of the tenth 

displacement cycle as demonstrated in Fig. 3.9. 

Data from the strain gages, as shown in Tables 3.6 

through 3.9, indicated that this specimen was unable to 

form the same number of plastic hinges as specimen 1 

developed. At the same time, yielding in the longitudinal 

reinforcement of the beams occurred only at the internal 

faces of the columns during the sixth and the eighth 

cycles. The transverse reinforcement of the middle and the 

two exterior joints yielded during the tenth and the 

twelfth cycles, respectively. Large slippage was inferred 

from the data provided by the strain gages in the columns. 

Consequently, this specimen did not behave well during the 

test and the failure of this specimen could be classified 

as localized plastic hinges in the beams at the faces of 
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the columns in conjunction with spreading of deterioration 

towards the joints. 

3.8.3 Specimen 13 

(MRE = 1.34, MRI = 1.36, YE = 15.33, YI = 20.99, 

Nh = 4 14 Gr 60) 

This specimen was similar to specimen 1 except that 

the shear-stress factors of the joints were increased by 20 

to 35 percent. This change was made to investigate if 

there were any changes in the behavior of the connections 

after a substantial increase in the shear-stress factors of 

the joints. 

By the end of the third displacement cycle, shear 

and flexural cracks covered almost 30 inches on the beams 

from the faces of the columns. Several diagonal cracks 

developed in the joints. The portions of the columns above 

and below the joints had several flexural cracks. The main 

diagonal cracks in the joints were 0.02 inches wide while 

the cracks of the beams at the faces of the columns were 

0.03 inches wide. Figure 3.44 shows the specimen at the 

end of the third cycle. 

At the conclusion of the seventh cycle of loading, 

more cracks were observed in the joints. In addition, the 

cracks of the joints spread beyond the joint boundaries 

especially on the external sides of the two exterior 



(a) Right exterior joint. 

(b) Interior joint. 

Fig. 3.44. Specimen 3 at the end of the third cycle of 
loading. 

172 



173 

(c) Left exterior joint. 

Fig. 3.44--Continued 
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joints. During the eighth and ninth cycles, the main 

diagonal cracks in the joints had widened more than the 

flexural cracks in the beams. The width of the main cracks 

in the joints were 1/8 inch. Also, a horizontal crack was 

formed on the external sides of the exterior joints. 

By the end of the eleventh cycle of load i ng, the 

joints were extensively cracked and the bottom concrete 

cover of the middle joint had started to spall off. Also, 

a large piece of concrete had dropped from the external 

side of the left exterior joint. Figure 3.45 shows the 

three joints at the conclusion of the eleventh displacement 

cycle. 

During the last four cycles, more concrete failed 

from the middle and left exterior joint. Also, the right 

exterior joint was completely damaged. At the conclusion 

of the test, the beams remained in good condition and three 

stirrups were visible within the left exterior joint from 

the exterior side. Figure 3.46 shows the specimen at the 

end of the test. 

As shown in Fig. 3.3, the load-carrying capacity of 

this specimen increased through the first eight cycles of 

loading, but then a drop in the specimen strength was 

observed. A 43 percent loss in the load-carrying capacity 

occurred by the end of the test. As Fig. 3.8 illustrates, 



Fig. 3.45. 

(a) Right exterior joint. 

(b) Middle joint. 

Specimen 3 at the end of the eleventh dis
placement cycle. 
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(c) Left exterior joint. 

Fig. 3.45--Continued 
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(a) Right exterior joint. 

(b) Interior joint. 

Fig. 3.46. Specimen 3 at the conclusion of the test. 
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(c) Left exterior joint. 

Fig. 3.46--Continued 
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the reduction in the strength when the displacement cycle 

was repeated ranged between 3 and 15 percent. Also, this 

specimen experienced a 65 percent loss in stiffness by the 

conclusion of the tenth displacement cycle as indicated in 

Table 3.4. After the eighth cycle of loading, the stiff

ness dropped at a faster rate as the displacement 

increased. 

Data from the strain gages, as shown in Tables 3.6 

to 3.9, indicated that the longitudinal bars of the beams 

did not yield, which implies that all damages had been 

concentrated in the joints during the test. The transverse 

reinforcement inside the joints yielded during the eighth 

displacement cycle and some of the longitudinal reinforce

ment of the columns yielded during the sixth and eighth 

cycles. Also, the results from the strain gages indicated 

that there was a large slip of the reinforcing bars of the 

columns through the joints. 

Accord ing to the above discussion, this specimen 

did not behave well during the test and the failure of this 

specimen could be classified as not seriously damaged beams 

in conjunction with a complete shear failure of the joints, 

where the joints failed to carry the large applied shear 

forces. 



3.8.4 Specimen #4 

(MRE = 1.41, MRI = 1.37, YE = 12.53, YI = 15.26, 

NhI = 4 #4 Gr 60, NhE = 2 or 4 #4 Gr 60) 
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This specimen was designed with the same values for 

the primary parameters as specimen 1, except that the right 

exterior joint transverse reinforcement was reduced by 50 

percent. This change was made mainly to study the redis

tribution of the applied forces if the right joint failed 

before the other two joints. 

During the first three cycles of loading, two 

intersecting diagonal cracks developed in the exterior 

joints while several cracks appeared in the middle joint. 

Flexural cracks also formed on the exterior and the 

interior sides of the upper and lower half of the columns. 

Shear and flexural cracks spread in the beams over a length 

of approximately 40.0 inches from the faces of the columns. 

Also, it was observed that when the displacement was 

returned to zero, all cracks were closed. The specimen at 

the conclusion of the third cycle is shown in Fig. 3.47. 

By the end of the seventh displacement cycle, the 

cracks in the exterior joints expanded to the front sides 

of the columns as well as to the exterior sides of the 

joints. At this point, the flexural cracks on the exterior 

sides of the columns had also spread to the front sides. 

The measurement obtained during the test indicated that the 



Fig. 3.47. 

(a) Right exterior joint. 
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(b) Middle joint. 
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Specimen 4 at the end of the third cycle of 
loading. 
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(c) Left exterior joint. 

Fig. 3.47--Continued 
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width of the cracks in the beams near the faces of the 

columns w~s 1/8 inch while the width of the main diagonal 

cracks inside the joints was 0.04 inches. 

During the eighth and the ninth cycles of loading, 

wide horizontal cracks were observed on the interior side 

of the middle column at the intersection of the left beam 

and the upper half of the middle column. The crack in the 

middle joint started to widen more than those in the 

exterior joints. 

At the end of the eleventh displacement cycle, the 

diagonal cracks in the joints had spread well into the 

front sides of the columns. In addition, a horizontal 

crack on the external side of the right exterior column 

formed. Also, part of the bottom concrete cover of the 

middle and right exterior joint had started to spall off. 

Figure 3.48 shows the specimen at the end of the eleventh 

cycle of loading. 

During the twelfth and thirteenth displacement 

cycles, all three joints were extensively cracked and the 

concrete cover on the exterior side of the right exterior 

joint failed. Also, additional concrete spalled off from 

the bottom of the middle joint and a horizontal crack on 

the external side of the exterior left column had developed 

as well. During the fourteenth cycle, the concrete on the 

external side of the exterior left joint failed. 



(a) Right exterior joint. 
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(b) Interior joint. 

Fig. 3.48. Specimen 4 at the end of the eleventh dis
placement cycle. 
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(c) Left exterior joint. 

Fig. 3.48--Continued 
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At the conclusion of the test, all the joints were 

considerably damaged while the beams were kept in good 

condition. The shear and the flexural cracks in the beams 

covered the whole spans. Not only the transverse rein-

forcement in the right exterior joint could be seen after 

the concrete failed, but also the column longitudinal bars 

were visible. The three joints at the end of the test are 

shown in Fig. 3.49. 

As shown in Fig. 3.4, the load-carrying capacity of 

this specimen was reduced substantially after the eighth 

displacement cycle. The reduction in strength was 41 

percent by the end of the test. As shown in Table 3.3, 

when the displariement was repeated, the loss in the stiff-

ness ranged between 4 to 14 percent. with respect to the 

first cycle stiffness, a 60 percent reduction had occurred 

by the end of the tenth displacement cycle as illustrated 

in Fig. 3.9. 

Data from the strain gages, as shown in Tables 3.6 

through 3.9, indicated that yielding of the longitudinal 

reinforcement of the beams occurred only near the internal 

faces of the two exterior columns during the sixth and the 

eighth cycles. The middle column reinforcing bars yielded 

during the sixth and the eighth displacement cycles. In 

addition to this, the hoops in the exterior right joint 

yielded during the eighth cycle while the transverse 



(a) Right exterior joint . 
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(b) Middle joint. 
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Fig. 3.49. Specimen 4 at the conclusion of the test. 

187 



188 

(c) Left exterior joint. 

Fig. 3.49--Continued 
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reinforcement in the middle and the left exterior joints 

yielded during the tenth and the twelfth cycles of loading, 

respectively. Also, data from strain gages verified large 

slippage of the longitudinal reinforcement of the beams 

through the middle joint. 

Hence, this specimen did not behave well during the 

test and the failure of this specimen can be classified as 

a partial plastic hinge in the beams at the faces of the 

columns in conjunction with shear failure of the right 

exterior joint due to inadequate joint transverse rein

forcement. 

3.9 Effect of the Selected Primary Variables 

The first specimen was designed according to the 

ACI-ASCE Committee recommendations (2). In the des ign of 

each of the next three specimens, one parameter was modi

fied at a time. Thus, specimen I is used as reference to 

evaluate the effect of each of the three selected primary 

variables on the behavior of the connections or specimens. 

3.9.1 Effect of the Flexural Strength Ratio 

Flexural strength ratio is an important parameter 

in the design of the specimens. Spec imens I and 2 were 

identical except that the latter had a 20 percent reduction 

in the flexural strength ratios. 
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Changes in the flexural strength ratios had five 

distinct effects. First, as the flexural strength ratio 

increased, flexural hinging zones of the beams spread away 

from the joints. As shown in Table 3.8, in specimen 1 the 

plastic hinging zones of the beams spread over ten inches 

from the faces of the columns while specimen 2 was unable 

to spread the plast ic hinges of the beams away from the 

faces of the joints. 

Second, as the flexural strength ratios decreased, 

yielding of the transverse reinforcement of the joints 

accelerated. As shown in Table 3.7, the hoops inside the 

joints of specimen 1 did not yield during the test while 

the transverse reinforcement in the joints of specimen 2 

started to yield during the tenth and the twelfth displace

ment cycles. 

Third, based on visual inspection of specimens 1 

and 2 during the tests, the concrete covers of the joints 

suffered more damage as the flexural ratio decreased. This 

is evident from Figs. 3.40(a) and 3.43(a) which show a 

close-up view of the right exterior joint of specimens 1 

and 2, respectively, at the conclusion of the test. 

Fourth, the increase in the flexural strength ratio 

increased both the strength and the stiffness of the 

connections. By comparing the envelopes of hysteresis 

loops in Fig. 3.50, it can be seen that specimen 1 did not 
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exhibit any significant loss in the load-carrying capacity 

during the test. It was able to resist 16 percent more 

load and its stiffness was approximately 34 percent higher 

than that of specimen 2 at 4.0 inch displacement. Specimen 

2 experienced 33 percent reduction in the strength at the 

end of the 4.0 inch displacement compared to the first 

specimen. 

Fifth, the increase in the deterioration of the 

concrete in the joints due to the reduction in the flexural 

strength ratio increased the slippage of the columns' bars 

through the joints. As shown in Table 3.9, the longitud

inal bars of the columns in specimen 2 showed a large slip 

through the joints during the test while most of the rein

forcing bars of the columns in specimen 1 experienced a 

small slip. 

Since both specimen 1 and 2 had the same amount of 

joint reinforcement and the same level of joint shear 

stress, sound performance of specimen 1 is attributable to 

the higher flexural strength ratio. 

3.9.2 Effect of the Joint Shear-stress Factor 

Values for the primary design parameters for speci

men 3 were the same as those for specimen 1, except that 

the shear-stress factors of the joints for specimen 3 were 

15 and 20 for the exterior and the interior joints, 

respectively, compared to 12 and 14 for specimen 1. 
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Changes in the shear-stLess factors of the joints 

(while keeping all the other parameters constant) 

influenced the behavior of the specimen in several ways. 

First, the increase in the shear-stress factors of the 

joints prevented the formation of plastic hinges in the 

beams. By comparing the data from the strain gages 

attached to the longitudinal bars of the beams as shown in 

Table 3.8, it is clear that specimen 3 was incapable of 

forming plastic hinges in the beams while specimen I was 

not only able to develop plastic hinges in the beams at the 

faces of the columns, but was capable of spreading these 

plastic hinges away from the faces of the joints. 

Second, as the shear-stress factors of the joints 

were reduced, yielding of the hoops in the joints was 

delayed. As shown in Table 3.7, in specimen I the trans

verse reinforcement of the joints did not yield during the 

test while in specimen 3 the hoops of the joints yielded 

during the eighth cycle of loading. 

Third, visual examination of specimens I and 3 

during and at the conclusion of the tests indicated that 

the specimen with the higher shear-stress factors of the 

joints experienced more damage than the specimen with the 

lower shear-stress factors of the joints. This effect can 

be observed in Figs. 3.40(c) and 3.46(c), which show the 
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left exterior joint for specimen 1 and 3, respectively, at 

the conclusion of the test. 

Fourth, the increase in the shear-stress factors of 

the joints reduced the load-carrying capacity and the 

stiffness of the specimen. As illustrated in Fig. 3.50, 

the strength of specimen 3 dropped significantly after the 

eighth displacement cycle while specimen 1 showed a very 

stable cyclic load-carrying capacity. The shear force 

carried by specimen 3 at the end of the 4.0 inch displace

ment was 63 percent less than that resisted by specimen 1 

during the same displacement. In general, specimen 1 was 

able to carry 7 percent more load than specimen 3 during 

the test. At the conclusion of the 4 inch displacement 

cycle, specimen 3 suffered a 38 percent loss in stiffness 

compared to the first specimen. 

Fifth, the rapid deterioration of the joints due to 

the increase in the shear-stress factors of the joints had 

an adverse effect on the slippage of the longitudinal 

reinforcement of the columns through the joints. Results 

from the strain gages attached to the reinforcing bars of 

the columns immediately above and below the joints, as 

shown in Table 3.9, indicated that most of the longitudinal 

bars of the columns in specimen 3 experienced larger slip 

during the test while most of the longitudinal reinforce

ment of the columns in specimen 1 did not. 
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According to the comparison between specimen 1 and 

3 cited above, the improved behavior of specimen 1 during 

the test was related to the reduction in the shear-stress 

factors of the joints compared to specimen 3. 

3.9.3 Effect of the Transverse Reinforcement in Joints 

Specimen 4 was designed with the same values for 

the primary variables as specimen 1. The only difference 

was that two hoops were eliminated from the right exterior 

joint of specimen 4. 

The change in the right exterior joint transverse 

reinforcement influenced the response of the frame in five 

different ways. First, as the number of the hoops inside 

the right exterior joint was reduced, the flexural hinging 

regions of the beams did not spread away from the faces of 

the joints. As shown in Table 3.8, Specimen 4 was able to 

develop yielding in the longitudinal bars of the beams at 

the faces of the two exterior columns while specimen 1 

showed a capability for spreading the yielding of the 

longitudinal reinforcement of the beams over ten inches 

from the faces of the columns. 

Second, the reduction in the right exterior joint 

transverse reinforcement accelerated the yielding of the 

joint hoops. As shown in Table 3.7, the ties inside the 

joints of specimen 4 started to yield between the eighth 

and the twelfth cycles of loading while the transverse 
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reinforcement in the joints of specimen 1 did not yield. 

In general, when fewer hoops are used in one joint, the 

share of the strains carried by each hoop is larger. 

Hence, yielding will be reached at an earlier stage of 

loading. 

Third, based on visual inspection of specimens 1 

and 4 during the tests, the concrete covers of the joints 

suffered more damage as the right exterior joint hoops 

decreased. Figures 3.40 and 3.49 show a close-up view of 

these two specimens at the conclusion of the tests. 

Fourth, the decrease in the right exterior joint 

hoops reduced both the strength and the stiffness of the 

specimen. As demonstrated in Fig. 3.40, the maximum shear 

force carried by specimen 4 during the test was 8 percent 

less than that resisted by specimen 1. The loss in the 

load-carrying capacity between specimen 1 and 4 at the 

conclusion of the 4.0 inch displacement was 33 percent. 

The stiffness of specimen 1 was 33 percent higher than that 

of specimen 4 at 4.0 inch displacement. 

Fifth, the increase in the deterioration of the 

concrete in the right exterior joint due to the reduction 

in the number of the transverse reinforcement increased the 

slippage of the column longitudinal bars through the joint. 

As shown in Table 3.9, some of the right exterior column 

reinforcing bars in specimen 4 suffered a large slip 
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through the joint during the test while the right exterior 

column longitudinal reinforcement in specimen 1 did not. 

It can be concluded that the reduction in the right 

exterior joint hoops of specimen 4 did have a prominent 

effect on confining the joint and on the general response 

of the specimen. Hence, the enhanced performance of speci

men 1 is attributable to the increase in transverse rein

forcement in the right exterior joint. 



CHAPTER 4 

COMPARISON OF THEORETICAL AND 

EXPERIMENTAL RESULTS 

4.1 Introduction 

A comparison of predicted and experimental values 

for various aspects of specimen behavior is presented in 

the following sections to verify testing equipment calibra

tion as well as to illustrate the accuracy of certain 

analytical models. 

Four general aspects of specimen behavior, limited 

to the first five cycles of loading since most of the 

strain gages had not yielded by this time, are compared. 

First, equilibrium of moments of the joints are examined 

based on the theoretical beam and column moment capacities. 

Second, calculated and applied shear forces for each 

specimen are compared. Third, predicted average curvature 

for a ten inch length of the beams adjacent to the columns 

and empirical curvatures of the beams at the faces of the 

joints are compared. Fourth, deflection at the tips of the 

middle columns were computed and compared with the measured 

ones. 

198 
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4.2 Moment Equilibrium at Joints 

A computer program was developed to calculate the 

flexural capacities for the beam and column sections at the 

faces of the joints. A linear strain variation across the 

section was assumed. The concrete compression block was 

modeled using Hognestad's parabola with a linear tail. In 

addition, the measured stress-strain relationships for the 

longitudinal steel (excluding strain hardening), the 

measured concrete properties, the applied column axial load 

values, the cross-section dimensions of the beams and 

columns, the depth of each steel layer from the top fiber 

of the cross-section and the recorded tensile strain from 

strain gages attached to the reinforcing bars were input to 

the program. 

This subroutine evaluates the flexural capacities 

of the beams and columns by trial and error procedure. 

First, it assumes the neutral axis depth of the cross

section from the extreme compression fiber. Second, it 

calculates the compression and tension strains in both the 

concrete extreme fibers and in each steel layer using the 

assumed neutral axis depth, the recorded tensile strain in 

the extreme tension steel layer, and the assumed linear 

strain variation across the section. Third, it evaluates 

the concrete compression force based on the assumed model 

for the concrete compression block (Hognestad's parabola 
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with a linear tail) as well as calculating the compression 

or tension force in each steel layer using the input 

measured steel properties. Fourth, it checks the equilib

rium of the internal forces of the section including the 

column axial load. If the equilibrium of these forces is 

satisfied, the program calculates the flexural capacity of 

the section by adding the moment of the forces around the 

centroid of the section. Otherwise, the program assumes 

another value for the depth of the neutral axis and goes 

through all the steps again until the equilibrium of the 

internal forces of the section results. 

A comparison of computed average peak positive and 

negative half-~ycle beam moments at the faces of the 

columns and sum of the column moments above and below the 

joints are given in Tables 4.l(a) through 4.l(d) for all 

specimens. 

As explained in sections 2.5 and 3.2, the strain 

values used in calculating the beam and column moments for 

specimen number one were modified to account for the 

residual strains left at the conclusion of the first test. 

A complete explanation including detailed tables for 

modifying the measured strain values for the first specimen 

is given in Appendix H. 

As Table 4.1 illustrates, moment equilibrium at the 

joints of the first two specimens and at the exterior 



Table 4.1(a). calculated beam and column manents (kips-ft) at the joints of specimen 1. 

Left exterior joint Middle joint Right exterior joint 

Cycle Column Beam Beam Column Beam Beam Column 
Nurriber m:rnent m:rnent Diff. manent manent manent Diff. Diff. m:::ment rranent 

1 44.48 40.74 -8.4% 20.39 53.11 29.34 -6.4% -8.3% 34.78 37.92 

2 7l.7l 67.89 -5.3% 38.18 90.49 57.14 +5.1% -7.9% 63.30 68.75 

3 71.67 67.79 -5.4% 38.04 90.20 58.12 +6.2% -6.6% 63.28 67.78 

4 104.92 100.01 -4.7% 59.81 134.75 75.67 +1.0% -6.1% 98.30 104.65 

5 105.28 99.72 -5.3% 59.50 134.85 75.91 +1.0% -4.7% 97.82 102.69 
---_.- --_ .. _._-- - ----

, 
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Table 4.l(b). calculated beam and column manents (kips-ft) at the joints of specimen 2. 

Left exterior joint Middle joint Right exterior joint 

Cycle Column Beam Beam Column Beam Beam Column 
NurTber m:::ment rronent Diff. mcrnent mcment mcment Diff. Diff. manent m:::ment 

1 40.58 44.95 +10.8% 40.97 77.71 43.06 +8.1% +7.6% 48.43 44.97 

2 72.62 76.38 +5.2% 64.38 l31.76 68.16 +1.0% +5.8% 81.46 76.99 

3 73.77 74.47 +1.0% 62.45 132.35 65.98 -3.0% +2.2% 79.58 77.85 

4 101.77 105.31 +3.5% 86.79 178.83 90.53 -1.0% +10.5% 110.55 100.05 

5 102.68 103.40 +1.0% 84.26 178.71 87.92 -3.7% +8.3% 108.37 100.04 

N 
o 
N 



Table 4.1(c). calculated beam and column rncrnents (kips-ft) at the joints of specimen 3. 

Left exterior joint Middle joint Right exterior joint 

Cycle Coltnnn Beam Beam Column Beam Beam Colunm 
Nurriber m::ment m::ment Diff. manent manent rncrnent Diff. Diff. m:::ment m:::ment 

1 43.05 46.83 -8.8% 34.74 80.76 40.71 -6.6% +8.1% 50.37 46.58 

2 72.78 77.65 +6.7% 61.14 156.10 72.07 -14.7% -2.0% 85.44 87.18 

3 73.49 76.50 +4.0% 59.61 154.69 69.81 -16.3% -4.7% 83.53 87.68 

4 108.83 107.28 -1.4% 83.86 220.87 95.51 -18.8% -6.0% 115.28 122.58 

5 109.35 103.75 -5.0% 79.68 216.29 90.77 -21% -9.0% 110.20 121.20 

IV 
o 
w 



Table 4.1(d). Calculated beam and column manents (kips-ft) at the joints of specimen 4. 

Left exterior joint Middle joint Right exterior joint 

Cycle Column Beam Beam Column Beam Beam Column 
Nl.n1ber m::rnent manent Diff. manent rocment manent Diff. Diff. manent m::rnent 

1 52.59 50.62 -3.7% 34.74 65.99 35.66 +6.7% -4.5% 58.80 61.54 

2 79.18 86.78 +9.6% 56.76 126.26 59.34 -8.0% -2.3% 96.11 98.34 

3 79.12 85.05 +7.5% 55.29 126.24 56.80 -11.2% -4.6% 93.10 97.60 

4 113.62 117.89 +3.8% 76.50 179.91 79.64 -13.2% -3.6% 125.64 130.28 

5 113.02 115.51 +2.2% 74.06 178.37 76.66 -15.5% -5.5% 122.30 129.39 

I\) 

o 
.::. 
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joints of the last two specimens was satisfactory. The 

difference ranged from -9.0 to +10.8 percent. The varia

tion in the location of the strain gages at the joint faces 

during assembly of the reinforcement steel was considered a 

major contributing factor for such differences. A typical 

example is shown in Figure 4.1, where the measured peak 

tensile strain during the first five cycles of loading at 

gage locations #8 and #10 of specimen 1 vs. cycle numbers 

were plotted. These two particular strain gages were 

assumed to be located directly at the right exterior column 

face, but due to the placement of the strain gage at 

location #8 slightly away from the column face, the 

recorded strain level was smaller than the measured strain 

values at gage location #10 throughout the test. 

For specimens 3 and 4, there were substantial 

differences between the calculated beam and calculated 

column moments at the middle joints (-21% to +6.7%). This 

was due to the fact that the longitudinal bars of the beams 

passing through the middle joints experienced slippage in 

the early stages of loading which forced the strain gages 

to record small strain levels. Therefore, the sum of the 

beam moments at the opposite faces of the middle columns 

remained smaller than the sum of the column moments. 

Figures 4.2 and 4.3 show, respectively, the strain behavior 

at gage location #17 of specimen 3 and gage location #28 of 
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specimen 4. These two strain gages were attached to the 

longitudinal reinforcing bars of the beams framing the 

interior joints and located at the faces of the middle 

columns. The slippage mechanism of the column and beam 

longitudinal reinforcement through the joints was explained 

in section 3.3.2. As Fig. 4.2 illustrates, the beam bar 

was unable to sustain the increase in the applied load and, 

thus, the compression strain showed a great tendency of 

changing toward tension. These two factors indicated the 

deterioration of the bond along the bar. It can be seen 

from Fig. 4.3 that during the first cycle of loading, the 

beam bar was under compression and tension depending on the 

directions of loading. After this cycle, the beam bar was 

incapable of carrying the increase in the applied shear 

load and the compression strain changed to tension, 

indicating the slippage of the bar in the early stages of 

loading. 

4.3. Comparison of Calculated and 
Applied Shear Forces 

One of the most useful comparisons that can be made 

in conjunction with the testing of any indeterminate frame 

is that of the calculated and measured shear forces. A 

comparison of this type not only demonstrates the accuracy 

of the testing system in transferring the applied loads and 

of the equipment calibration, but also aids the study of 
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load-redistribution, especially after failure of one joint 

as discussed in Chapter 5. 

The shear force experienced by each column during 

any cycle of loading, defined as the shear force trans

ferred to the upper end of each column through the movable 

W-shaped steel beam, is calculated as the sum of the 

flexural capacities of the column sections above and below 

the joint divided by the column length. The mathematical 

expression is: 

Vcol = ( 4.1) 

For each specimen, the calculated sum of the column 

moments at each joint in the previous section was used to 

evaluate the shear force for each column. The results 

obtained and the recorded shear forces from the hydraulic 

actuator for all specimens were listed in Tables 4.2(a) 

through 4.2 (d) • In each table, column number five repre

sents the total calculated shear forces at each cycle of 

loading. 

The comparison between the fifth and sixth column 

of Table 4.2(a) indicates that modifying the strain values 

by the residual strains left at the end of the first test 

leads to over-estimating the shear forces during the first 

three cycles of loading. This effect is particularly 



Table 4.2(a). calculated and measured shear forces of specimen 1. 

calculated shear force in each colunm (kips) 

Actuator 
Cycle Left Middle Right shear force 
Nurriber exterior exterior Total (kips) 

(1) (2) (3) (4) (5) (6) 

1 5.23 6.25 4.46 15.94 10.85 

2 8.44 10.65 8.09 27.18 24.67 

3 8.43 10.61 7.97 27.01 24.70 

4 12.34 15.85 12.31 40.50 41.86 

5 12.39 15.86 12.08 40.33 41.50 
----- -----

Difference 

(7) 

+46.9% 

+10.2% 

+9.4% 

-3.2% 

-2.8% 

IV 
I-' 
I-' 



Cycle 
N\miber 

(1) 

1 

2 

3 

4 

5 

Table 4.2(b}. Calculated and measured shear forces of specimen 2. 

Calculated shear force in each column (kips) 

Actuator 
Left Middle Right shear force 

exterior exterior Total (kips) Difference 

(2) (3) (4) (S) (6) (7) 

4.77 9.14 S.29 19.20 21.37 -10.2% 

8.54 15.S0 9.06 33.10 36.26 -8.7% 

8.68 lS.S7 9.16 33.41 3S.08 -4.8% 

11.97 21.04 11. 77 44.78 49.31 -9.2% 

12.08 21.03 11.77 44.88 48.05 -6.6% 

i 

I 

I 
! 
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Cycle 
Nurriber 

(1) 

1 

2 

3 

4 

5 

Table 4.2(c). calculated and measured shear forces of specimen 3. 

calculated shear force in each column (kips) 

Actuator 
Left Middle Right shear force 

exterior exterior Total (kips) Difference 

(2) (3) (4) (5) (6) (7) 

5.07 9.50 5.48 20.05 23.40 -14.3% 

8.56 18.37 10.26 37.19 41.10 -9.5% 

8.65 18.20 10.32 37.17 39.91 -6.9% 

12.80 25.99 14.42 53.21 55.19 -3.6% 

12.87 25.45 14.26 52.58 52.60 -0.0% 
_._._-_.- ---_ .. -
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Table 4.2(d). calculated and measured shear forces of specimen 4. 

calculated shear force in each column (kips) 

Actuator 
Cycle Left Middle Right shear force 
Number exterior exterior Total (kips) 

(1) (2) (3) (4) (5) (6) 

1 6.19 7.76 7.24 21.19 22.84 

2 9.32 14.86 11.57 35.75 39.46 

3 9.31 14.85 11.48 35.64 38.14 

4 13.37 21.17 15.33 49.87 53.29 

5 13.30 20.99 15.22 49.51 51.81 

Difference 

(7) 

-7.2% 

-9.4% 

-6.6% 

-6.4% 

-4.4% ! 
I 

I 

~ 
...... 
~ 
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significant for the first cycle. The increase in the 

calculated shear forces during the first three cycles of 

loading was expected due to the fact that during the 

process of moving the specimen in order to fix the supports 

and return it to its original position, the residual strain 

values were changed from the recorded ones. There is no 

recorded data to show how much change took place during 

this process. Hence, recorded strain values at the 

conclusion of the first test were used as close approxima

tions to actual residual strain values before performing 

the second test. Also, it can be seen that the increase in 

the calculated shear forces during the second and the third 

cycle of loading is 9.4 to 10.2 percent while the reduction 

in the fourth and the fifth cycle of loading is 2.8 to 3.2 

percent. Therefore, the theoretical results were con

sidered satisfactory. 

For the last three specimens, a difference of zero 

to -14 percent existed between the calculated and the 

applied shear forces with the calculated value always being 

less than the measured one. Slippage of the columns' 

longitudinal bars through the joints and the deflection of 

the testing system (reaction box and support pins) were 

considered the primary contributing factors for this 

difference. When a column bar slips, the recorded strain 

does not reflect the actual force experienced by the bar. 
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Hence, the calculated shear forces will be reduced. A 

small movement in the reaction box or the support pins 

indicates that there is an additional force spent by the 

actuator to achieve this movement; this additional amount 

of force does not transfer to the specimen. This will lead 

to an increase in the measured shear forces. Figures 4.4 

to 4.6 show, respectively, the strain history at gage 

location #7 of specimen 2, gage location #1 of specimen 3 

and gage location #1 of the fourth specimen. These three 

strain gages were mounted to the longitudinal bars of the 

right exterior columns and located at the faces of the 

joints. It can be seen that all three bars were unable to 

resist the increase in the applied load and the compression 

strain was changed to tension. This phenomena, as 

explained in section 3.3.2, indicates that all three 

reinforcing bars experienced slippage in the early stages 

of loading, typical for some of the bars in the rest of the 

columns. 

4.4 Comparison of Calculated and 
Measured Beam Curvatures 

As discussed in section 3.4, for each beam-end, two 

pairs of displacement transducers were installed parallel 

to the beam axis on opposite faces of the member. One pair 

was located at the face of the joint and the other at 

twenty inches away from the column face as shown in Fig. 
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2.12. These were used to obtain the average curvature for 

a ten inch length of the beams adjacent to the columns as 

well as to measure the beam elongation or shortening in 

this region. 

For each beam, the measured average curvature over 

a length of ten inches from the column face was calculated 

as the relative displacement of the two faces divided by 

the distance between the center of the two transducers and 

ten inches as shown in Fig. 3.21. The average peak 

positive and negative half-cycle average curvatures for a 

ten inch length of the beams adjacent to the faces of the 

joints are listed in the second row of each cycle of load 

in Tables 4.3(a) through 4.3(d) for all specimens. 

The calculated beam-end curvatures were obtained 

from the strain gages attached to the longitudinal bars of 

the beams at the faces of the columns through the help of 

the computer program discussed in section 4.2. The formula 

used to calculate the beam-end curvature in this subroutine 

is: 

¢ = ( 4 • 2 ) 
d-c 

where, ¢ = beam-end curvature (ljinch). 

ES = recorded tensile strain in the extreme tension 

steel layer from strain gages. 



Table 4.3(a). Computed and measured beam curvatures 
(l/inch x 10-5 ) for specimen 1. 

Left Beam Right Beam 

Cycle 

221 

Number Left end Right end Left end Right end 
( 1 ) ( 2 ) ( 3 ) ( 4 ) ( 5) 

1 10.265* 7.043 7.896 8.739 
6.048* 4.436 5.374 3.242 

2 17.320 13.303 17.834 16.120 
11.426 8.577 10.516 8.087 

3 17.303 13.252 20.713 16.114 
11.577 8.584 10.561 8.368 

4 26.018 21.102 33.512 25.545 
17.642 13.110 16.742 12.339 

5 25.936 20.986 36.776 25.411 
17.526 13.219 16.507 12.681 

*For each cycle, the first row of figures are the calcu
lated values and the second row of figures indicate the 
measured values. 
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Table 4.3(b). Computed and measured beam curvatures 
(l/inch x 10-5 ) for specimen 2. 

Left Beam Right Beam 

Cycle 
Number Le.ft end Right end Left end Right end 

( 1 ) ( 2 ) ( 3 ) ( 4 ) ( 5 ) 

1 10.905 12.679 13.350 11.779 
8.468 5.674 7.523 5.564 

2 18.906 20.257 21.501 20.223 
16.142 12.874 15.852 11. 329 

3 18.408 19.617 20.778 19.730 
16.184 12.852 15.790 11.797 

4 26.557 27.747 29.029 27.984 
24.894 19.419 24.119 17.581 

5 26.037 26.883 28.130 27.387 
24.716 19.471 24.242 17.890 



Table 4.3(c). Computed and measured beam curvatures 
(l/inch x 10-5 ) for specimen 3. 

Left Beam Right Beam 

Cycle 
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Number Left end Right end Left end Right end 
( 1 ) ( 2) ( 3 ) ( 4 ) ( 5 ) 

1 9.045 8.027 9.472 9.755 
5.345 4.971 6.042 3.730 

2 15.254 14.412 17.084 16.838 
11.484 10.571 11.765 9.168 

3 15.017 14.037 16.525 16.443 
11. 371 10.573 11.884 9.494 

4 21.357 20.00 22.908 23.029 
17.539 17.648 D 14.577 

5 20.618 18.957 21. 715 21. 959 
17.513 17.568 D 14.935 

D displacement transducers damaged 
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Table 4.3(d). computed and measured beam curvatures 
(l/inch x 10-5 ) for specimen 4. 

Left Beam Right Beam 

Cycle 
Number Left end Right end Left end Right end 

( 1 ) ( 2) ( 3 ) ( 4 ) ( 5) 

1 11.441 9.814 10.084 13.348 
6.039 5.523 6.271 3.942 

2 19.973 16.277 17.044 22.224 
12.119 10.890 12.529 9.671 

3 19.557 15.843 16.288 21.491 
12.039 10.848 12.348 9.732 

4 27.580 22.186 23.135 29.525 
19.081 16.755 19.910 16.432 

, 
/ 

5 26.984 21.443 22.230 28.682 
19.155 16.835 19.839 16.535 



d = depth of the extreme tension steel layer 

measured from the extreme compression fiber. 

c = neutral axis depth measured from the extreme 

compression fiber. 
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The first row of each cycle number in Table 4.3 contains 

the calculated curvature at each end of the beams. 

As can be seen in Table 4.3, the measured average 

curvatures from the transducers were always less than the 

calculated ones with a variation in the difference from one 

end to another. Theoretically, the measured average 

curvatures from the transducers should always be less than 

the calculated ones. This is because the measured ones 

represent the average curvature over a length of ten inches 

from the faces of the col umns while the calculated ones 

represent the curvature at a particular location which, in 

this case, is the end of the beams (hinging location). 

Theoretically, one would anticipate the maximum curvature 

to take place at the ends of the beam adjacent to the 

column faces where the strain gages are mounted. However, 

slippage of beam or column longitudinal bars in later 

cycles of loading may result in the difference between the 

calculated and the measured curvatures becoming small and 

the values of the measured curvatures approaching the 

calculated values. When a beam longitudinal bar slips, the 

recorded strain does not represent the exact elongation 
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that has taken place at that location. This will reduce 

the calculated beam-end curvatures. When a column bar 

slips, the beam longitudinal bars will experience smaller 

forces and strains due to the reduction in the column shear 

forces. This also will reduce the calculated beam-end 

curvatures. 

As a typical example for the slippage effect on the 

calculated curvatures, columns 2 and 4 in Table 4.3(b) 

indicate that as loading is in progress, the difference 

between the calculated and the measured beam curvatures get 

smaller. Data from strain gages mounted to the left 

exterior column and the left end of the right beam longi

tudinal bars showed slippage of some of the bars at the 

early stage of loading. Figures 4.7 and 4.8 show, respec-

tively, the strain behavior of the left exterior column bar 

at gage location #37 and the right beam longitudinal bar at 

gage location #17 of specimen 2. It is clear that during 

the first loading cycle, the column and the beam reinforc

ing bar were under compression and tension depending on the 

directions of loading. After the first cycle of loading, 

the column and the beam bar were unable to resist the 

increase in the actuator load and the compression strain 

was changed to tension, indicating the slippage of the bars 

at the early stages of loading. 
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4.5 Comparison of Calculated 
and Measured Deflections 

229 

The measured deflections at the loading point were 

obtained from the hydraulic actuator displacement trans-

ducer. Due to the indeterminacy of the test specimens, 

analyzing the frame as a whole to calculate the deflection 

experienced by each column during any cycle of loading is 

not an easy task. The problem is further complicated by 

the fact that design parameters varied at joints of 

different specimens. Thus, due to the non-uniformity of 

the response of individual connections, even the use of the 

existing analytical models (24) would have resulted in 

approximate values. 

To overcome this problem, each specimen was divided 

into three simple sub-structures by placing two imaginary 

roller supports at the inflection point of each beam, 

assumed to be at the mid span of beams, as shown in Fig. 

4.9. The three simple resulting sub-structures from each 

specimen can be easily analyzed to calculate the deflection 

at each column tip. For simplicity, it was assumed that 

the three columns in each specimen were displaced equally 

during any cycle of loading. This assumption is valid as 

long as the slippage between the top of each column and the 

movable W-shaped steel beam, which was attached to the 

actua tor, is negl ig ible. Hence, the middle structure was 
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arbitrarily selected for the calculation of theoretical 

deflections. 

In general, the total deflection of each simple 

structure at the column tip (see Fig. 4.10) consisted of 

the following components: 

1. Flexural deflectj n of the beams framing into the 

joint and column. 

2. Shear deformation in the column. 

3. Shear deformation in the beams. 

4. Shear deformation of the joint. 

5. Deformation of the testing system (reaction box and 

support pins). 

6. Slippage of the beam and column longitudinal 

reinforcing bars. 

7. Slippage of the steel anchor bolts at the top and 

bottom of the columns. 

The first four components of deflection were considered in 

calculating the total column deflection of the middle sub

structure. As will be explained later, due to an error in 

transferring data to the floppy disk or insufficient number 

of strain gages, contributions from the last three compo

nents were ignored in calculating the total deflection. 

The flexural deflection of the beams and column, 

calculated using the virtual work principles, can be 

expressed as follows: 
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( 4.3 ) 

where, Vcol = calculated column shear force from the 

strain gages attached to the column's longi-

tudinal bars as discussed in section 4.3 

Lc = length of the column as shown in Fig. 4.9 

Lb = length of the beam as shown in Fig. 4.9 

Ec = modulus of elasticity for concrete 

Ic = cracked moment of inertia for column 

Ib = cracked moment of inertia for beam 

The cracked moment of inertia for beams and columns was 

evaluated from the following equation: 

_1 b 3 ~ 2 I = 3 c + n LA, (d l' -c) 
c,b i=l Sl 

where, b = width of the cross-section 

c = neutral axis depth measured from the extreme 

compression fiber 

n = Es/Ec = modular ratio 

Asi = cross-section area of each steel layer 

di = depth of each steel layer measured from the 

top fiber of the cross-section. 



234 

The deflection due to shear deformation in the 

column was calculated as: 

~2 
L c 

= Vcol ( A G 
col c 

where, Acol = cross sectional area of the column 

Gc = shear modulus of concrete = 0.4 Ec 

Other parameters are the same as those in eq. 4.3. 

( 4 • 4 ) 

The deflection due to shear deformation in beams 

was calculated as: 

~3 ( 4 • 5 ) 

where, Ab = cross sectional area of beam. Other parameters 

are the same as those in eq. 4.3 and 4.4. 

The recorded data from the displacement transducers 

mounted over the joint boundaries and parallel to the beam 

axis were used to calculate the column tip deflection due 

to joint shear strain as follows: 

~4 = y.* L 
J c 

where, Yj = average joint shear strain as defined in 

eq. 3.5 

Lc = column length. 

( 4 • 6 ) 
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A comparison of the measured and computed average 

peak positive and negative half-cycle deflections at the 

column tip of the middle sub-structure during the first 

five cycles of loading is given in Tables 4.4(a) through 

4.4(d) and Figs. 4.ll(a) through 4.ll(d) for all specimens. 

In each table, the sixth column represents the total of the 

calculated def lection components for each load cycle. In 

Table 4.4(a), the seventh column contains the modified 

displacement of the actuator as discussed in section 3.2. 

As Tables 4.4(a) through 4.4(d) indicate, differences 

between -5.3 to +58 percent, zero to -11.3 percent, -6 to 

-18 percent, and -10 to -18.7 percent occurred between the 

calculated and the measured deflection for specimen number 

one to specimen number four, respectively. 

The calculated deflections were considered satis

factory in spite of these differences for the four follow

ing reasons. First, most of the long i tudinal bars in the 

middle columns slipped at the early stage of loading which 

caused an under-estimation of the calculated shear forces 

in the columns. This will lead to a reduction in the 

calculated deflections. Figures 4.12 to 4.15 show, 

respectively, the strain history at gage location #20 of 

specimen 1, gage location #25 of specimen 2, gage location 

#24 of specimen 3 and gage location #25 of the fourth 

specimen. These strain gages were attached to the 



Table 4.4(a). canparison of calculated and measured deflections (inches) 
for the top of the middle column of specimen 1 

Cycle ~l ~2 ~3 ~4 Total Actuator Difference 
Ntmiber displacement 

(1) (2) (3) (4) (5) (6) (7) (8) 

1 0.403 0.002 0.007 0.001 0.41 0.26 +58.0% 

2 0.689 0.004 0.012 0.004 0.71 0.68 +4.4% 

3 0.687 0.004 0.012 0.004 0.71 0.68 +4.4% 

4 1.024 0.005 0.018 0.010 1.06 1.12 -5.4% 

5 1.023 0.005 0.018 0.010 1.06 1.12 -5.4% 

Nate: ~l = deflection due to the flexural deformation of the beams and column. 

~ = deflection due to the shear deformation of the column. 

~3 = deflection due to the shear deformation of the beams. 

~4 = deflection due to the shear deformation of the joint. 

r-J 
W 
0'1 



Table 4.4(b). 

Cycle l'.l 
Nt.rrriber 

(1) (2) 

1 0.483 

2 0.913 

3 0.921 

4 1.285 

5 1.283 

Conparison of calculated and measured deflections (inches) 
for the top of the middle column of specimen 2 

l'.2 l'.3 l'.4 Total Actuator Difference 
displacement 

(3) (4) (5) (6) (7) (8) 

0.003 0.011 0.002 0.50 0.5 0.0% 

0.005 0.018 0.003 0.94 1.0 -6.0% 

0.005 0.018 0.003 0.95 1.0 -5.0% 

0.007 0.025 0.009 1.33 1.5 -11.3% 

0.007 0.025 0.009 1.33 1.5 -11.3% 

tv 
W 
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Table 4.4(c). Ccrrlp3rison of calculated and measured deflections (inches) 
for the top of the middle column of specimen 3 

Cycle ~l ~2 ~3 ~4 Total Actuator Difference 
Nurriber displacement 

(1) (2) (3) (4) (5) (6) (7) (8) 

1 0.442 0.003 0.011 0.009 0.47 0.5 -6.0% 

2 0.860 0.006 0.022 0.027 0.92 1.0 -8.0% 

3 0.854 0.006 0.021 0.029 0.91 1.0 -9.0% 

4 1.212 0.009 0.031 D 1.25 1.5 -16.7% 

5 1.185 0.009 0.031 D 1.23 1.5 -18.0% 

D - displacement transducers damaged. 

l\.) 

w 
00 



Table 4.4(d). Conparison of calculated and measured deflections (inches) 
for the top of the middle coltnnn of spec.iJnen 4 

Cycle 61 62 63 64 Total Actuator Difference 
Nurriber displacement 

(1) (2) (3) (4) (5) (6) (7) (8) 

1 0.436 0.003 0.009 0.004 0.45 0.5 -10.0% 

2 0.840 0.005 0.017 0.012 0.87 1.0 -13.0% 

3 0.840 0.005 0.017 0.012 0.87 1.0 -13.0% 

4 1.197 0.007 0.025 D 1.23 1.5 -18.0% 

5 1.187 0.007 0.025 D 1.22 1.5 -18.7% 

D - displacement transducers damaged. 
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longitudinal bars of the middle columns at the faces of the 

joints. The slippage, as explained in section 3.3.2, is 

indicated by the inability of a longitudinal bar to resist 

compression strain. It can be seen that the four reinforc

ing bars suffered slippage at an early stage of loading. 

With the test setup used for this study, measuring the 

contribution from the slippage of the longitudinal rein

forcement of the beams and columns in the calculation of 

the total deflection was impossible. 

Second, the noticeable increase in the calculated 

deflections for the first three cycles of loading for the 

first specimen resulted from the same reason discussed in 

section 4.3, namely, the modification of the strain values 

in the second test by the residual strains left at the 

conclusion of the first test. 

Third, for the last three specimens, no modifica

tion or correction was imposed on the actuator displacement 

due to the deflection of the testing system (reaction box 

and support pins), because, due to an error in transferring 

data, the recorded data from the displacement transducers 

mounted at the reaction box and the support pins were 

deleted from the floppy disk. 

Fourth, deflections due to the steel anchor bolts' 

slippage were ignored, because there were no strain gages 

attached to the anchor bolts of the first two specimens and 
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the bottom ends of the columns in the last two specimens. 

In addition to this, data from strain gages attached to the 

anchor bolts of the column tops in the last two specimens 

confirmed no slippage had taken place during the two tests 

as shown in Fig. 4.16. 
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CHAPTER 5 

LOAD-DISTRIBUTION AND JOINT SHEAR-STRESS FACTOR 

5.1 Introduction 

This chapter presents a discussion of the load-

distribution and an examination of the beam-column 

connections through the evaluation of the joint shear-

stress factors (Y). The range of maximum measured joint 

shear-stress factors is also compared to the design values 

which were obtained according to the ASCE-ACI Committee 

recommendations (2). 
I 

5.2 Load Distribution 

One of the most useful studies that can be per-

formed in the testing of any indeterminate specimen is the 

establishment of the original distribution of forces among 

the members of a frame and the load-redistribution after 

the failure of some members has taken place. 

To accomplish these two objectives, the shear 

forces carried by each column during each cycle of loading 

were studied and compared to the applied loads. In Tables 

5.l(a) through 5.1(d), the average peak positive and nega-

tive half-cycle applied loads from the actuator, the calcu-

lated total transferred shear forces at the top of the 
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Table 5.1(a). Load-distribution for specimen number one 

Calculated shear force in each column 
(kips) 

Actuator 
Cycle Left Middle Right shear force 
Number Exterior Exterior Total (kips) 

(1) (2) (3) (4) ( 5) (6) 

1 5.23 6.25 4.46 15.94 10.85 

2 8.44 10.65 8.09 27.18 24.67 

3 8.43 10.61 7.97 27.01 24.70 

4 12.34 15.85 12.31 40.50 41.86 

5 12.39 15.86 12.08 40.33 41.50 

6 16.41 21.23 16.35 53.99 56.76 

7 16.56 20.75 15.26 52.57 55.51 

8 17.58 23.94 18.12 59.64 65.36 

9 18.02 23.61 17.69 59.32 62.79 

10 19.10 25.70 18.41 63.21 68.14 

11 19.14 24.72 14.52 58.38 64.90 

12 19.35 26.74 14.13 60.22 68.55 

Difference 
(kips) 

(7) 

+5.09 

+2.51 

+2.31 

-1.36 

-1.17 

-2.77 

-2.94 

-5.72 

-3.47 

-4.93 

-6.52 

-8.33 

% Diff. 

(8) 

+46.9 

+10.2 

+9.4 

-3.2 

-2.8 

-4.9 

-5.3 

-8.8 

-5.5 

-7.2 

-10.0 

-12.2 
r-J 
\J1 
r-J 



Table 5.1(b). Load-distribution for specimen number two. 

Calculated shear force in each column 
(kips) 

Actuator 
Cycle Left Middle Right shear force 
Number Exterior Exterior Total (kips) 

(1) ( 2) (3) (4) ( 5) (6) 

1 4.77 9.14 5.29 19.20 21.37 

2 8.54 15.50 9.06 33.10 36.26 

3 8.68 15.57 9.16 33.41 35.08 

4 11.97 21.04 11.77 44.78 49.31 

5 12.08 21.03 11. 77 44.88 48.05 

6 13.84 21.87 13.87 49.58 57.76 

7 13.28 22.24 13.48 49.00 55.33 

8 14.51 22.30 10.59 47.40 58.98 

9 13.89 22.43 H.15 47.47 54.75 

10 13.18 22.25 H.77 47.20 55.82 

11 14.09 21.22 10.24 45.55 49.73 

12 13.33 21.90 11.06 46.29 50.30 
-----_. __ ._- - -- -_ .. - -- - _ ... _-_._- --_ ... _-_._---_._--

Difference 
(kips) 

(7) 

-2.17 

-3.16 

-1.67 

-4.53 

-3.17 

-8.18 

-6.33 

-11.58 

-7.28 

-8.62 

-4.18 

-4.01 

% Diff. 

(8) 

-10.2 

-8.7 

-4.8 

-9.2 

-6.6 

-14.2 

-11.4 

-19.6 

-13.3 

-15.4 

-8.4 

-8.0 
~ 
U1 
W 



Table 5.1(c). Load-distribution for specimen number three 

Calculated shear force in each 
column (kips) 

Actuator 
Cycle Left Middle Right shear force 
Number Exterior Exterior Total (kips) 

(1) ( 2) (3) (4) (5) (6 ) 

1 5.07 9.50 5.48 20.05 23.40 

2 8.56 18.37 10.26 37.19 41.06 

3 8.65 18.20 10.32 37.17 39.91 

4 12.80 25.99 14.42 53.21 55.19 

5 12.87 25.45 14.26. 52.58 52.60 

6 16.62 28.20 17.30 62.12 63.97 

7 15.39 26.65 15.51 57.55 59.74 

8 12.50 28.82 17.05 58.37 62.45 

9 12.26 26.49 15.52 54.27 55.12 

10 12.64 27.51 17.00 57.15 54.98 

11 12.04 19.85 15.98 47.87 47.51 

12 12.26 20.43 15.83 48.52 46.65 

Difference 
(kips) 

(7) 

-3.35 

-3.91 

-2.74 

-1.98 

-0.02 

-1.87 

-2.19 

-4.08 

-0.84 

+2.17 

+0.36 

+1.87 

% Diff. 

(8) 

-14.3 

-9.5 . I 

-6.9 

-3.6 

-0.0 

-2.9 

-3.7 
I 

-6.5 

-1.5 

+3.9 

+0.8 I 
I 

+4.0 
--- -

tv 
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Table 5.1(d). Load-distribution for specimen number four 

Calculated shear force in each 
column (kips) 

Actuator 
Cycle Left Middle. R7_ght. shear force 
Number Exterior f· .... , ':"ior Total (kips) 

(1) ( 2) (3 ) (4) (5) (6) 

1 6.19 7.76 7.24 21.19 22.84 

2 9.32 14.86 11.57 35.75 39.46 

3 9.31 14.85 11.48 35.64 38.14 

4 13.37 21.17 15.33 49.87 53.29 

5 13.30 20.99 15.22 49.51 5l.81 

6 15.53 25.16 17.39 58.08 62.12 

7 15.65 23.73 16.76 56.14 59.31 

8 17.11 26.65 17.80 61.56 63.66 

9 16.67 23.63 14.22 54.52 58.47 

10 15.29 23.53 15.38 54.20 59.66 

11 15.79 20.57 14.84 51.20 52.96 

12 15.34 21.32 14.47 51.13 52.08 

Difference 
(kips) 

(7) 

-1.65 

-3.71 

-2.50 

-3.42 

-2.30 

-4.04 

-3.16 

-2.10 

-3.96 

-5.46 

-1. 76 

-0.95 
-----

% Diff. 

(8) 

-7.2 

-9.4 

-6.6 

-6.4 

-4.4 

-6.5 

-5.3 

-3.3 

-6.8 

-9.2 

-3.3 

-1.8 

I 

I\.l 
111 
111 
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columns, and the load-distribution at the end of each 

column is listed. These results are presented graphically 

vs. the cycle numbers in Figs. 5.1(a) through 5.1(d). 

In calculating the shear forces at each column top, 

measured material properties, data from strain gages bonded 

to the column reinforcing bars located immediately above 

and below the joints, and the computer program described in 

section 4.2 were used. The mathematical expression used to 

evaluate the shear force at each column, cited in section 

4.3 (Eq. 4.1), is reintroduced here for convenience. 

Vco1 = ( 5. 1 ) 

where, tMcol = sum of the calculated flexural capacities of 

the column sections above and below the 

joint. 

Lc = column length. 

5.2.1 Original Load Distribution 

For a theoretical study of the original distribu

tion of forces among the different components of each 

frame, a full analysis of the tested specimens us i ng the 

program FRAME (41) was performed. For each specimen, two 

phases of analysis were carried out. In the first phase, 

the free ends of the columns were subjected to a 0.5 inch 
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displacement. It was assumed that the specimens would 

remain elastic under such loading and therefore, gross 

moments of inertia for the members were used. 

In the second phase, the free ends of the columns 

were subjected to a 1.S inch horizontal displacement. This 

would result in some cracking of the members in regions of 

high moments. Hence, a 12 inch length of the beams from 

the faces of the columns and a 6 inch length of the columns 

from the center line of the beams were considered cracked 

and cracked moments of inertia were utilized for these 

regions. In evaluating the cracked moment of inertia for 

each cracked region, the following two equations were used. 

N 
(n)2 

N 
A .) 2+ 2n N 

x = - (!!.) I A . + ( I b ( I A .d.) 
b i=l Sl b i=l Sl i=l Sl 1 

( 5.2) 

~b 3 N 
x)2 I = x + n I A (d. - ( 5.3 ) 

cr 3 i=l si 1 

where, x = uncracked depth of the section measured from 

the extreme compression fiber. 

b = width of the cross-section. 

n = Es/Ec :: modular ratio. 

Es = steel modulus of elasticity. 

Ec = concrete modulus of elasticity. 

Asi = cross-section area of each steel layer. 



di = depth of each steel layer measured from the 

extreme compression fiber. 

Icr = cracked-moment of inertia. 
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It was decided to limit the theoretical analysis to 

the first 1 1/2 inch displacement level because most of the 

longitudinal reinforcement in the specimens had not yielded 

by this time. 

For all specimens, the results from these analyses, 

as shown in the first row of each phase number in Table 

5.2, indicated that the actuator load would be distributed 

to the three column tops in proportion to the stiffness. 

To investigate experimentally the original distri

bution of forces among the members of each specimen, the 

ratios of the calculated middle column shear forces to the 

average calculated shear forces in the two exterior columns 

during the same displacement levels used in program FRAME 

were studied. These ratios are presented in the second row 

of each phase number in Table 5.2. 

As can be seen in Table 5.2 for the first specimen, 

the calculated ratios were 26 to 34 percent smaller than 

the theoretical values. This indicates that the original 

distribution of the applied loads to the three columns in 

this specimen was not in agreement with the stiffness 

ratio. The movement of the support pins during testing of 

specimen 1 was considered the major contributing factor for 



Table 5.2 Theoretical and experimental original load-distribution 

Ratio of resisted shear force by the 
middle column to the average load 
carried by the exterior columns 

\ 

Phase Displacement Specimen Specimen Specimen Specimen 
Number (in.) Nl.ll11ber 1 Nl.ll11ber 2 Nl.ll11ber 3 Number 4 

1 1/2 1.96* 1.96 1.96 1.96 

1.29* 1.82 1.80 1.16 

2 1 1/2 1. 75 1.80 1.91 1.80 

1.29 1. 77 1.91 1.48 

*For each phase number, the first row contains the theoretical ratios from 
program ~1E, while the second row represents the calculated ratios from 
Table 5.1. 

I\J 
0'1 
W 
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In general, any slight movement 

in the support pins can cause major changes in the reac

tions, moments, and stresses. 

As shown in Table 5.2, the ratios of the calculated 

interior column shear forces to the average resisted shear 

forces in the two exterior columns during the two dis

placement levels for specimens 2 and 3 ranged from 1.77 to 

1.91, respectively. These results were in good agreement 

with the theoretical conclusions obtained from the program 

FRAME. 

As Table 5.2 illustrates, the calculated load 

carried by the middle column of the last specimen during 

the two phases of analysis was 1.16 and 1.48 times the 

average of the shear forces resisted by the two exterior 

columns, respectively. This indicates that the distribu

tion of the actuator loads to the columns in this specimen 

was not in proportion to the theoretical column stiff

nesses. Data from strain gages attached to the anchor 

bolts of the middle column of the fourth specimen indicated 

a small slippage in one of the top anchor bolts. In 

general, any small slippage in the anchor bolts of the 

columns leads to a reduction in the transferred shear 

forces. This reduces the calculated shear ratios. 

A comparison of calculated and applied shear forces 

during the first five cycles of loading for all specimens 
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was discussed in Section 4.3. That was intended to compare 

loads at service or slightly higher levels. The following 

discussions in this section are aimed at distribution of 

loads under severe loading conditions up to the failure of 

the frames. 

As Tables 5.l(a) through 5.l(d) indicate, the 

difference between the applied and calculated shears varied 

from -8.33 to +5.09 kips, -1.67 to -11.58 kips, -4.08 to 

+2.17 kips, and -0.95 to -5.46 kips for specimens 1 through 

4, respectively. Slippage of the column longitudinal bars 

through the joints, the deflection of the testing system 

(reaction box and support pins), and the modification of 

the strain values for the first specimen to account for the 

residual strains left at the conclusion of the first test 

were considered the primary contributing factors for such 

differences. These factors and their relations to the 

discrepancy were discussed in detail with complete figures 

in section 4.3. 

5.2.2 Load Redistribution 

For convenience, the maximum expected shear load of 

each column is indicated in Figs. 5.1(a) through 5.1(d). 

In calculating the maximum expected shear forces, ultimate 

flexural capacity of the beams based on the measured 

material properties with a 10% increase in the yield stress 

of the reinforcing bars to account for strain hardening 
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were used. In each case, the 1055 of load carrying capac

ity and redistribution of loads will be explained in terms 

of the data collected from the strain gages. 

As Fig. 5.l(a) illustrates, the three columns in 

specimen 1 were not only able to carry the maximum expected 

loads, but were capable to resist additional loads. The 

maximum carried loads were approximately 5 kips and 3 kips 

higher than the expected design loads for the interior and 

both exterior columns, respectively. Moreover, it can be 

seen in Fig. 5.1 (a) that failure in the right exterior 

column of specimen number one started to occur after the 

tenth cycle of loading while the load carried by the left 

exterior column maintained its level after the tenth cycle 

of loading. The load carried by the middle column kept 

increasing throughout the test. This indicates that after 

the failure of the right column, the share of the load 

carried by the middle column, which at that point had some 

reserved capacity, increased. 

As Fig. 3.1 demonstrates, the load-carrying capac

ity of specimen 1 was stable and continued to increase 

until the twelfth displacement cycle. This indicates that 

the amount of strength lost by the right exterior column 

after the tenth cycle of loading must have been gained by 

the middle column. 
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As Table 3.7 illustrates for the first specimen, 

the hoops in the two exterior joints yielded during the 

last displacement cycle, while the ties in the middle joint 

did not yield at all. This implies that the joints in this 

specimen behaved well during the test and all the inelastic 

action took place outside the joint regions. In addition, 

the ability of the first specimen columns in resisting 

additional loads beyond their maximum strength resulted 

from the good performance of the joints during the test. 

Data from strain gages attached to the longitudinal 

reinforcement of specimen one, as shown in Tables 3.8 and 

3.9, indicated that this specimen was not only able to form 

plastic hinges in the beams at the faces of the columns, 

but was capable of spreading these plastic hinges away from 

the column faces. As Fig. 3.6 illustrates, specimen one 

was able to maintain the level of the design load during 

the test with maximum strength of 1.27 times the expected 

design load. It can be seen from Fig. 3.11 that specimen 

one dissipated the largest energy compared to the other 

three specimens. 

The design of the connections for the first speci

men followed the recommendations of the ACI-ASCE Committee 

352 (2). The good behavior of the joints in this specimen 

is reflected in the satisfactory hysteretic response of the 

frame as a whole. 
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A comparison between the load carried by each 

column in the second specimen from Fig. 5.l(b) indicates 

that the resisted shear forces by each column were below 

the expected maximum loads. Furthermore, the right 

exterior column started to lose strength after the seventh 

cycle of loading while the middle column maintained the 

same load level after this cycle. The load resisted by the 

left exterior column was almost constant after the sixth 

displacement cycle. 

The hysteresis diagram in Fig. 3.2 indicates that 

specimen 2 was not only able to reach its predicted design 

strength, but was capable of maintaining the level of the 

design load for three displacement cycles. The maximum 

load carried by this specimen was 1.06 times the expected 

design load. This proves that the different components of 

specimen 2 were capable of developing their strength during 

the test. 

As shown in Tables 3.8 and 3.9, the increase in the 

deterioration of the concrete in the joints due to the 

beams' localized plastic hinges at the faces of the columns 

caused large slippage of the columns' longitudinal rein

forcement which, in turn, inf luenced the calculated shear 

forces. This effect can be seen in the difference between 

the total calculated shear forces and the measured loads 

from the hydraul ic actuator. Therefore, the study of the 
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load-redistribution among the elements of specimen 2 could 

not be accomplished satisfactorily due to the reduction in 

the calculated shear forces. 

Data from strain gages attached to the longitudinal 

bars of the columns immediately above and below the joints 

confirmed a large slippage as shown in Figs. 5.2 to 5.4. 

As these Figs. illustrate, the column bars were unable to 

sustain the increase in the applied loads and, thus, the 

compression strains changed to tension. This observat ion 

indicated the deterioration of the bond along the bars. 

As Table 3.7 demonstrates, the hoops of the middle 

joint yielded during the tenth cycle of loading, while the 

ties of the two;exterior joints yielded during the twelfth 

displacement cycle. This will lead to a partial loss of 

the concrete core confinement which contributes to the 

deterioration of the joints. 

The only change between specimen 1 and this speci

men was the lower flexural strength ratios. The 20 percent 

reduction in the flexural strength was considered the only 

principal factor in the failure of the joints to maintain 

their strength which, in turn, hindered the ability of the 

beams to spread the plastic hinges away from the faces of 

the columns. In this specimen, the inelastic action in the 

beams at the faces of the columns penetrated the concrete 



,..... 
In 
0.... 
H 
~ ......, 
Cl 
a: 
o 
--1 

80 

-4 

-80 

SPECIMEN NO. 2 
GAGE LOCATION 1 

12-00 

MICRO-STRAIN 

20-00 

. 
1 

I 
• 

GAGE: LOCATION 
SHOWN BY 0 

Fig. 5.2. Applied load vs. strain in the right exterior column reinforcement 
at gage location #1 of specimen number 2. 

N 
-...J 
o 



"'"' 
tJ) 

CL 
H 
~ 
'-' 

Cl 
a: 
0 
~ 

8121 

-8121 

SPECIMEN NO. 2 
GAGE LOCATION 

121210 

MICRO-STRAIN 

19 

212Jl?J0 

GAGE LOCATION 
SHOWN BY 0 

Fig. 5.3. Applied load vs. strain in the middle column longitudinal bars at 
gage location #19 of specimen number 2. 

~ 
--.J 
I-' 



,.... 
U) 

0... 
H 

~ 
'-J 

Cl 
a: 
o 
~ 

80 

-80 

SPECIMEN NO. 2 
GAGE LOCATION 41 

22-00 

MICRO-STRAIN 

GAGE LOCATION 
SHOWN BY 0 

28'00 

Fig. 5.4. Actuator load vs. strain in the left exterior column longitudinal 
bars at gage location #41 of specimen number 2. 

N 
---.J 
N 



273 

covers of the joints and, thus, promoted more slippage of 

the bars. 

As can be seen in Fig. 5.l(c), none of the columns 

reached their expected maximum loads. I n add it ion, the 

load resistance of the left exterior column of the third 

specimen started to drop after the sixth cycle of loading 

while a clear failure in the middle column occurred after 

the tenth displacement cycle. The load carried by the 

right exterior column at the peak of each cycle was almost 

constant after the seventh cycle of loading. This indi

cates that the right exterior and the middle column did not 

have any reserve capacity to carry the loads not resisted 

by the left exterior column after the sixth cycle of load

ing. 

As Fig. 3.3 demonstrates, specimen 3 was able to 

achieve only 98.4% of the expected yield strength during 

the test. The load-carrying capacity of this frame started 

to decrease rapidly after the eighth displacement cycle. 

This indicates that the joints of specimen 3 were severely 

damaged before the columns and the beams could develop 

their strength. Visual observations made during testing of 

specimen 3 and data from strain gages attached to the 

different type of reinforcement confirmed the shear failure 

of the joints. 
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As shown in Table 3.7 for the third specimen, all 

joint hoops yielded during the eighth displacement cycle, 

indicating high shear stresses in all joints and the par

tial loss of the concrete core confinement. 

As Tables 3.8 and 3.9 illustrate for specimen 3, no 

yielding took place in the beams' longitudinal reinforce

ment while one of the reinforcing bars in each column 

showed yielding. This indicates that all inelastic action 

was concentrated inside the joints of this specimen. The 

severity of damage in the joints of the third specimen can 

be seen in Fig. 3.43. 

It is recalled that this specimen was similar to 

the first specimen except the shear-stress factors of the 

joints (I') were increased by 20 to 35 percent. This 

increase in the shear-stress factors was considered the 

only factor in the observed concentration of the damage in 

the joints, because shear failure in the joins resulted 

before the increased values could be achieved which, in 

turn, prevented the beams and columns from developing their 

strength. This indicates that if the joints fail due to 

high shear stress levels, satisfactory hysteretic response 

of an indeterminate frame will not result. 

As Fig. 5.1(d) shows, the three columns in specimen 

4 were not only capable of carrying the maximum expected 

loads, but were able to resist additional loads. The 
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difference between the maximum carried and the expected 

loads was approximately 1.5 kips and 3 kips for both 

exterior columns and the middle column, respectively. 

Furthermore, the difference in the load carrying capacity 

between the right and the left exterior column remained 

constant during the second to the sixth cycle of loading. 

After the sixth displacement cycle, there was a noticeable 

increase in the load carried by the left exterior column 

which reached the load level of the right exterior column 

at the eighth cycle of loading. 

Also, it can be seen in Fig. S.l(d) that the load 

resisted by the iight exterior column remained constant 

between the sixth and the eighth displacement cycle. After 

the eighth cycle of loading, both exterior columns started 

to lose strength gradually. The load carried by the middle 

column kept increasing up to and including the eighth cycle 

of loading, after which, it started to drop. This indi

cates that the left exterior and the middle column had some 

reserved capacity to carry the loads not resisted by the 

right exterior column between the sixth and the eighth 

cycle of loading. 

As shown in Fig. 3.4, the load carrying capacity of 

the fourth specimen increased through the first eight 

cycles of loading, but then a drop in the specimen strength 

was observed. In addition, this frame was unable to 
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maintain the theoretical design load more than three 

cycles. This indicates that columns and the beams of this 

specimen were exhausted after the eighth displacement 

cycle. 

The results provided by the joint hoops, as shown 

in Table 3.7, indicate that the ties of the right exterior 

joint yielded during the eighth cycle of loading while the 

hoops in the middle and the left exterior joint yielded 

during the tenth and the twelfth displacement cycle, 

respectively. Since the right exterior joint in this 

specimen was reinforced with two hoops compared to four 

ties in the other joints, the share of the stress carried 

by each hoop in the right exterior joint was larger. 

Hence, yielding reached at an earlier stage of loading. In 

addition to this, yielding of the transverse reinforcement 

in the joints of specimen 4 represents a partial loss of 

the concrete core confinement which assisted in the dete

rioration of the joints. 

As Table 3.8 indicates, yielding in the longitud

inal bars of the beams in the last specimen took place at 

the faces of the two exterior columns. The large slippage 

in the reinforcing bars through the interior joint was 

considered to be the major factor for the lack of yielding 

in the bars of the beams framing the middle joint. 
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Specimen 4 was similar to specimen 1, but had two 

hoops in the right exterior joint instead of four. The 

failure of the columns in specimen 4 to maintain their 

strength when compared to specimen number one was mainly 

related to the inadequate transverse reinforcement in the 

right exterior joint which caused the joints' inability to 

maintain their strength and stiffness. Consequently, 

increase in the deterioration of the concrete in the joints 

and localized beams' plastic hinges at the faces of the 

column occurred. 

According to the discussion cited above, the 

results obtained from the strain gages attached to the 

longitudinal bars of the columns were satisfactory and the 

failure of some of the columns was well defined. The 

performance of the joints in an indeterminate frame has 

significant effect on the strength development of the beams 

and the columns as well as the spread of the hinging zone 

along the beams. When the beam-to-column connections are 

able to maintain their strength and stiffness due to proper 

design considerations (flexural strength ratio, confine

ment, and shear stress level), then the different com

ponents of the frame are able to develop their ultimate 

strength and the plastic hinging zones of the beams spread 

away from the faces of the column. Rowever, if the f lex

ural strength ratio is reduced or the joints fail because 
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of the high shear-stress factors in the joints or inade-

quate transverse reinforcement, then the beams may not 

develop their full flexural strength. Consequently, a 

reduction in the load-carrying capacity will result. In 

specimen 2, the large slippage of the columns' bars through . 
the joints at the early stages of loading was considered 

the major contributing factor for the absence of load-

redistribution in the columns. 

5.3 Evaluation o~ Joint Shear-Stress Factors 

The average peak positive and negative half-cycle 

shear-stress factors (Y) in the joints of all specimens 

were evaluated by considering the ASCE-ACI Committee 352 

(2) approach (Eq. 4.5), the measured material properties, 

and the computer program described in Section 4.2. The 

calculated distribution of the shear-stress factors in the 

joints of all specimens are listed in Table 5.3. Also, the 

results were plotted vs. the cycle numbers as shown in 

Figs. 5.5{a) to 5.5{d). Figure 5.6 illustrates the forces 

in a typical exterior and interior beam-to-column joint. 

The joint shear stress factor ( ) was calculated by 

using the following equation: 

TU - Vcol 
Y = (5.4) 



Cycle 
Ntnnber 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Table 5.3 Joints' shear-stress factors 

Specimen Ntnnber One Specimen Ntnnber 'IWO 

Left Right Left Right 
Exterior r.tidd1e Exterior Exterior r.tidd1e Exterior 
Joint Joint Joint Joint Joint Joint 

3.89 3.88 3.32 4.54 6.98 4.89 

6.53 7.59 6.10 7.81 11.08 8.35 

6.53 8.12 6.10 7.57 10.67 8.12 

9.71 10.70 9.52 10.85 14.92 11.49 

9.67 10.68 9.49 10.61 14.41 11.23 

12.07 13.23 12.04 12.77 16.09 13.30 

12.05 12.95 12.05 12.96 15.40 13.38 

11.95 13.28 11.90 13.53 15.81 13.93 

11.91 13.31 11.94 13.59 14.96 13.89 

11.80 13.14 11.89 13.66 14.77 13.80 

11.80 13.22 12.25 13.57 13.83 13.96 

11.78 13.05 12.29 13.65 13.47 13.81 
------- ------ ------- '-----~ 

IV 
.....:J 
\D 



Cycle 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Table 5.3--continued 

Specimen Number Three Specimen Number Four 

Left Right Left Right 
Exterior Middle Exterior Exterior Middle Exterior 
Joint Joint Joint Joint Joint Joint 

4.45 5.79 4.81 4.74 5.45 5.53 

7.51 10.34 8.20 8.38 8.99 9.18 

7.38 10.01 7.98 8.19 8.68 8.85 

10.36 13.93 11.08 11.40 12.08 12.06 

9.96 13.15 10.53 11.14 11.60 11.69 

12.47 16.36 13.21 12.67 14.03 12.48 

12.05 14.83 12.75 12.67 12.62 12.55 

13.96 15.13 13.49 12.51 13.63 12.44 

13.01 13.95 12.82 12.56 12.06 12.81 

13.87 14.77 13.23 12.70 12.08 12.65 

12.57 14.52 11.83 12.65 10.28 11.60 

12.94 15.82 12.19 12.69 10.08 11.80 
-------

N 
00 
o 
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where, y = joint shear-stress factor. 

= measured tension force in beam tension 

reinforcement. 

Vcol = measured resisting shear force in column and 

defined in Eq. 5.1. 

h = column depth. 

bj = (bc + bb)/2 = average of beam and column 

width. 

f~ = measured compressive strength of concrete. 

*Note: For interior joints, Tu must be replaced by the sum 
of Tu + Cu ' where Cu is the compression along the 
axis of Tu but on the other side of the joint. 

For convenience, the design shear-stress factors 

for the joints of each specimen are also indicated on each 

plot. These design values were obtained from the same 

equations given above except that an assumed concrete 

compressive strength of 5000 psi and a 25% increase in 

specified yielding stress of the longitudinal reinforcement 

were used. The latter was intended to account for the true 

yield strength and strain hardening of the steel. 

As explained in section 2.2, the design of the 

connections for the first specimen followed the guidelines 

of the ACI Building Code ACI 318-83 (34) and the ACI-ASCE 

Committee 352 recommendation (2). For the last three 

specimens, the design of some of the joints were modified 
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Hence, none of the four specimens tested were 

identical. The design values for the shear-stress factors 

in each joint of each specimen are listed in Table 2.2. 

Consequently, the joints of the specimens were subjected to 

and resisted different shear-stress factors. 

It was decided to limit this study to the first 

twelve cycles of loading because most of the strain gages 

were not damaged by this time. To avoid a repetition in 

the discussions for each specimen, the following two para

graphs explain the common observations among the specimens. 

As Figs. 5.5(a) through 5.5(d) indicate, for all 

specimens, the maximum shear-stress factors resisted by the 

interior and both exterior joints ranged between (13.6 to 

16) and (12 to 14), respectively. These values are in 

close agreement with the shear-stress factors (15, 12) 

suggested by the ASCE-ACI Committee 352 (Table 1, (2)). 

The slippage of the beams' longitudinal bars fram

ing into the interior joints of the specimens and the 

slippage of the columns' reinforcing bars through the 

exterior joints of the last three specimens influenced the 

calculated shear-stress factors. As a typical example, the 

observed increase in the calculated shear-stress factors 

beyond the design values for the exterior joints in speci

men 2 and 4 resulted from the slippage of the exterior 

columns' bars. When the measured resisting shear force 
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(Vcol) in a column decreases and the measured tension force 

(Tu) in a beam is constant, the calculated shear-stress 

factor (y) increases (see Eq. 5.4). 

As Fig. 5.5(a) illustrates, through the first six 

cycles of loading, the calculated joint shear-stress 

factors for specimen number one increased uniformly. After 

the sixth cycle of loading, the joints showed a constant 

value of 12.2 and 13.3 for the shear-stress factors in the 

exterior and the interior joints, respectively. The meas

ured values are in good agreement with the design values. 

The difference between the design and the measured joint 

shear-stress factors was 0.2 and 0.5 for the exterior and 

the middle joints, respectively. This indicates that the 

three joints in this specimen were not only able to achieve 

their strength, but were capable of maintaining their 

stiffness and strength throughout the test. 

As explained earlier, wheri the joints are able to 

maintain their strength and stiffness due to proper design, 

then the beams and the columns of the frame are able to 

develop their full flexural capacities and the plastic 

hinging zones of the beams spread away from the faces of 

the columns. Consequently, a satisfactory hysteretic 

response of the frame as a whole will result. 

As discussed in detail for specimen number one in 

section 5.2.2, data from the strain gages attached to the 
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different types of reinforcement confirmed the satisfactory 

performance of the connections in the first specimen. This 

indicates adequate design for the three joints (see Table 

2.2). 

A comparison between the calculated shear-stress 

factors in the joints of the second specimen from Fig. 

5.5(b} indicates that the middle joint was unable to main

tain the level of the shear-stress factor achieved in the 

sixth cycle of loading (16.l) while both exterior joints 

showed a capability to maintain the level of the shear

stress factor achieved at the eighth cycle of loading 

l3.8}. 

The clear reduction in the calculated shear-stress 

factors of the middl~ joint after the tenth cycle of load

ing resulted from the loss of strength and stiffness in 

this joint. As Table 3.7 demonstrates, the ties of the 

middle joint yielded during the tenth cycle of loading, 

while the transverse reinforcement of the two exterior 

joints yielded during the twelfth displacement cycle. This 

indicates that the loss of strength and stiffness in both 

exterior joints occurred after the twelfth displacement 

cycle. Figure 3.40 shows the three joints at the conclu

sion of the test. 

As explained in detail for the second specimen in 

section 5.2.2, the 20% reduction in the flexural strength 
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ratio was considered the only contributing factor in the 

relatively earlier yielding of the joints' hoops in this 

specimen compared to the first specimen which, in turn, 

caused the joints' inability to maintain their strength. 

Consequently, the beams and the columns were unable to 

maintain their flexural strength capacities and the load

carrying capacity of this frame reduced. 

As seen in Fig. 5.5(c}, the measured shear-stress 

factors in the joints of the third specimen were below the 

design values for the entire duration of the displacement 

schedule. The difference between the design values and the 

measured peak shear-stress factors for this specimen were 

approximately -1.5 and -4.4 for the exterior and interior 

joints, respectively. This indicates that the three joints 

in specimen 3 were severely damaged before the design 

values of the shear-stress factors could be achieved. 

The only change between specimen 1 and this speci

men was the 20 to 35 percent increase in the shear-stress 

factors of the joints (y) in specimen 3. Therefore, the 

three joints in this specimen failed in shear because of 

the high shear stress level in the joints. A complete 

discussion for the data from strain gages bonded to the 

different type of reinforcement at the critical locations 

for specimen 3 is presented in section 5.2.2. The severity 
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of damage in the joints of the third specimen can be seen 

in Fig. 3.43. 

As Fig. 5.5(d) demonstrates, the joints of the last 

specimen showed an increase in the calculated shear-stress 

factors for each additional displacement up to the sixth 

cycle of loading with maximum values of 14.1 and 12.7 for 

the middle and both exterior joints, respectively. After 

the sixth cycle of loading, the calculated shear-stress 

factors in the interior joint started to decrease while the 

calculated shear-stress factors in both exterior joints 

maintained at the level of the sixth cycle of loading. A 

clear reduction in the right exterior joint shear-stress 

factors occurred after the tenth displacement cycle. 

The difference between the design values and the 

maximum measured shear-stress factors in the joints of 

specimen 4 were 1.1 and 0.26 for the middle and both 

exterior joints, respectively. The clear drop in the 

calculated .shear-stress factors of the middle and the right 

exterior joint after the tenth cycle of loading resulted 

from the loss of strength and stiffness in these two 

joints. Data from the strain gages attached to the trans

verse reinforcement in the joints of specimen 4, as shown 

in Table 3.7, indicate that the hoops of the right exterior 

joint yielded during the eighth cycle of loading while the 

ties in the middle and the left exterior joint yielded 
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during the tenth and the twelfth displacement cycle, 

respectively. 

Since yielding in the hoops of the left exterior 

joint took place during the twelfth cycle of loading, the 

loss of strength and stiffness in this joint occurred 

during the last three cycles of loading. As explained in 

detail for the last specimen in section 5.2.2, the 50 

percent reduction in the right exterior joint did have a 

prominent effect on confining the joint and on the general 

response of the specimen. 

Four conclusions can be drawn from these data and 

test observations. First, slippage of the longitudinal 

bars of the columns or beams did have a pronounced effect 

on the calculated shear-stress factors in the joints of the 

specimens. Second, the close agreement between the 

calculated shear-stress factors in the joints of specimens 

and the design values indicate that the values of 12 and 15 

for the shear-stress factors in the exterior and the 

interior joints as suggested by the ASCE-ACI Committee 352 

(2) for evaluating the nominal shear strength of the joints 

is sufficient. Third, when the values for the shear

stress factors (y) suggested by the ASCE-ACI Committee 

(Table 1, (2)) are increased by 20 to 35% while keeping the 

other Committee recommendations unchanged (as in specimen 

3), shear failure in the joints results before the 
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The calculated peak 

shear-stress factors (16.4, 13.6) were close to those 

suggested by the ASCE-ACI Committee 352 (15, 12). Finally, 

the use of a stress mUltiplier of 1.25 for the design of 

the joints core region was found to be only sufficient to 

account for the actual yield stress of reinforcement but 

not the effect of strain hardening. Therefore, a value 

greater than 1.25 should be used to take into account both 

effects. 



CHAPTER 6 

SUMMARY AND CONCLUSIONS 

6.1 Summary of the Research Program 

Over the last two decades, a large number of 

statically determinate beam-to-co1umn subassemb1ages have 

been tested under a variety of simulated earthquake-type 

loading conditions in different countries. The results of 

these studies have been the primary input in the develop-

ment of current design recommendations. Some practicing 

engineers, however, believe that a relaxation of some of 

the limits in these guidelines would not affect the 

behavior of real structures (i.e., statically indeterminate 

frames) where a redistribution of forces among different 

members can take place. 

The main objectives of this investigation were to 

examine the adequacy of the current ASCE-ACI Committee 352 

design recommendations (2) as well as to determine the 

effect of reducing the flexural strength ratio (MR)' 

increasing the joint shear-stress factors (Y), and reducing 

the transverse reinforcement in one joint on the hysteretic 

behavior of an indeterminate frame. In addition, load

distribution among members of statically indeterminate 

frames was to be examined. 
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To satisfy the above objectives, four full-size 

reinforced concrete frames with two symmetrical bays were 

constructed. Each specimen contained one interior and two 

exterior beam-to-column connections. The first specimen 

was designed according to the Committee 352 recommendations 

(2) and was used as a control specimen. The second speci

men was similar to specimen 1 except that the sum of the 

flexural capacities of the columns to that of the beams, 

referred to as the flexural strength ratio (MR)' was 

reduced by 20% (1.2 instead of 1.4). The design parameters 

for the third specimen were the same as those for specimen 

1, except that the joint shear-stress factors (Y) for 

specimen 3 were increased to 15 and 20 for the exterior and 

interior joints, respectively, compared to 12 and 15 for 

specimen 1. The last specimen was designed as specimen 1, 

except that the transverse reinforcement in the right 

exterior joint was reduced from 4 to 2 sets of hoops. All 

specimens had the same beam length (9 feet), column height 

(8.5 feet), beam cross-section (8" x 15"), exterior column 

cross-section (10" x 15.25"), interior column cross-section 

(10" x 18.25"), and concrete compressive strength of 

approximately 5000 psi. 

Specimens were tested horizontally on the struc

tural floor of the laboratory under repeated and reversed 

cyclic displacements of predetermined amplitudes; they were 
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supported by five steel carts with special low friction and 

high capacity hard rubber casters. This simulated earth

quake-type loading was applied to one end of the columns 

through a IIO-kip capacity hydraulic actuator. The idle 

end of the actuator was bolted to a fixed hollow, rigid 

steel reaction box. The active head of the actuator was 

bolted to the upper flange of a movable W-shaped steel 

beam. Three female steel clevices were bolted to the lower 

flange of the steel beam at a distance of 9 feet center-to

center. These were, in turn, connected to three male steel 

clevices bolted to the ends of the concrete columns. The 

other ends of the columns were bolted to three male steel 

clevices which were connected to three 3 1/2 in. diameter 

solid stiffened steel pins. The steel pins were bolted to 

the three-foot-deep concrete floor of the laboratory. This 

testing system arrangement was used to establish simple 

pin-frame connections. Axial loads were applied to the 

column by external post-tensioning of the columns prior to 

testing. 

A continuous plot of the applied shear force vs. 

the load point displacement was displayed on the computer 

screen during the tests and reproduced to evaluate the 

hysteretic response of the specimens. An average of fifty 

electrical resistance strain gages were attached to the 

reinforcement and the movable steel beam at critical 
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locations to continuously record the strain variations 

during the loading schedules. Twenty-eight Spring Return 

Linear Position Sensor Modules (SRLPSMs) were positioned 

over the joint boundaries and at the beam regions near the 

column faces to assist in studying joint deformations and 

beam rotations. Any change in the column axial loads 

during the tests were detected through the data provided by 

six aluminum load cells which anchored to the columns' 

external steel strands. 

The following observations were common among all 

the specimens. First, two major diagonal cracks connecting 

the opposite corners of the joints and many shorter and 

narrower cracks parallel to the principal diagonal cracks 

were formed in the joints of all the specimens during the 

tests. Second, flexural and shear cracks on the beams 

covered a length equal to one effective beam depth away 

from the column faces. Due to the yielding and/or slippi~g 

of the beam's longitudinal reinforcement, the flexural 

cracks formed in the tension side of the beams did not 

close completely with the reversal of the loading direc

tion. Third, data from the strain gages indicated that the 

reinforcing bars of the columns and the longitudinal 

reinforcement of the beams passing through the interior 

joints slipped due to the loss of bond. Finally, all 

specimens suffered pinching at the mid-cycles. near zero 
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Slippage of 

the column longitudinal reinforcement through the joints 

was considered the primary contributing factor for such 

pinching. 

Basically there were two modes of failure: (1) beam 

failure, where localized plastic hinges started at the 

faces of the columns, and later spread away from the faces 

of the joints into the beams as in the first specimen; (2) 

joint failure, where the joints failed to carry the applied 

shear forces due to (a) damage extending into the joints 

from the localized plastic hinges in the beams at the 

column faces as in the second specimen; (b) the large shear 

stresses in the joints as in the third specimen; (c) the 

inadequate transverse reinforcement in one joint as in the 

last specimen. 

6.2 Conclusions 

The following conclusions are drawn from the 

results of the specimens tested in this research project. 

1. As indicated by test results, the strength and 

stiffness degradation of statically indeterminate frames 

during repeated reversed inelastic deformation were closely 

linked to the flexural strength ratio, the joint shear

stress factor, or the joint transverse reinforcement. 

2. The total energy dissipation capacity of statically 

indeterminate frames depended strongly on the proper design 
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Speci-

mens with a lower flexural strength ratio, a higher shear

stress level, or inadequate transverse reinforcement in one 

joint dissipated less energy than the control specimen 

which was designed in accordance with the latest design 

guidelines of Committee 352 (2). 

3. The tests showed that for drift levels not exceed

ing 2 percent (i.e., 2.0 inch column displacement), an 

increase in the joint shear-stress factors, a decrease in 

the flexural strength ratios, or a decrease in the joint 

transverse reinforcement had no significant effect in 

reducing the elongations and the rotations of the beam 

regions near th~ faces of the columns. For all specimens, 

the elongations and the rotations of the beam regions near 

the faces of the columns at 2.0 inch displacement level 

ranged from 0.026 to 0.041 inches and from 0.002 to 0.004 

degrees, respectively. 

4. For drift levels larger than 2 percent, an increase 

in the joint shear-stress factors, a decrease in the 

flexural strength ratios, or a decrease in the joint trans

verse reinforcement results in a concentration of damage in 

the joints. This will decrease the elongations and the 

rotations of the beam regions near the column faces. For 

all specimens, the elongations of the beam regions near the 

column faces at 4.0 inch displacement level ranged from 
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0.030 to 0.136 inches and from 0.004 to 0.011 degrees, 

respectively. 

5. For maximum interstory drifts of less than 2 per

cent (i.e., 2.0 inch column displacement), the joint shear 

strains were not affected by a decrease in the flexural 

strength ratios, an increase in the joint shear-stress 

factors, or a decrease in the joint transverse reinforce

ment. For all specimens, the joint shear strains at 2.0 

inch displacement level ranged from 0.0001 to 0.0005. 

6. For drift levels exceeding 2 percent, an increase 

in the joint shear-stress factors, a decrease in the 

flexural strength ratios, or a decrease in the joint trans

verse reinforcement leads to a loss of strength and stiff-

ness of the joints. This will increase the joint shear 

strains. For the specimens tested, the joint shear strains 

at 4.0 inch displacement level ranged from 0.001 to 0.017. 

7. To ensure that plastic hinges are formed in the 

beams away from the column faces and to guarantee stable 

cyclic load-carrying capacity of statically indeterminate 

frames with good joint behavior, the flexural strength 

ratio should be at least 1.4. 

8. In specimen 3, the high shear-stress level in the 

joints significantly affected the performance of the 

different components in this frame. Therefore, maximum 
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shear-stress factors (y) in exterior and interior connec

tions should be limited to 12 and 15, respectively, to 

ensure formation of plastic hinges in the beams rather than 

in the joints. 

9. The reduction in the transverse reinforcement of 

the right exterior joint of specimen 4 did have a substan

tial effect on confinement of the joint and on the general 

performance of the specimen. Hence, the spacing and area 

requirements of the transverse reinforcement in the joints 

by the current ASCE-ACI Committee recommendations (2) 

should be satisfied. 

10. For specimen 1 and 4, even with a loss of strength 

in one of the columns at a particular cycle of loading, the 

load-carrying capacity of the frames increased in the 

subsequent displacement cycle. This was attributed mainly 

to the reserved load-carrying capacity of the other joints. 

11. The use of a stress multiplier of 1.25 for the 

design of the joints core region was found to be only 

sufficient to account for the actual yield stress of rein

forcement but not the effect of strain hardening. There

fore, a value greater than 1.25 should be used to take into 

account both effects. 

12. As demonstrated by test results, slippage of the 

exterior column bars can be reduced or postponed with: 
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a. an increase in the flexural strength ratio 

b. a decrease in the joint shear-stress factors 

c. an increase in the joint transverse reinforce-

mente 

13. Data from strain gages bonded to the longitudinal 

bars of the beams terminating into the exterior joints 

confirmed the absence of slippage during the tests. This 

indicates that the development length and the anchorage 

requirement for terminating bars in the joints suggested by 

the ASCE-ACI Committee 352 (2) were satisfactory. 

14. In all specimens, the column and the beam longitud

inal reinforcement passing through the interior joints 

experienced excessive slippage during the early stages of 

loading. Therefore, beam depth to column bar diameter and 

column depth to beam bar diameter ratios of 20 were not 

sufficient to delay the slippage of the bars. 

6.3 Needed Research 

Although this research project answered some ques

tions with regard to the general response of ductile moment 

resisting frames when subjected to a simulated earthquake

type loading, several questions were raised as a result of 

this study. In this light, research on the following 

topics is necessary. 

1. An evaluation of a reasonable increase in the 

development length of beam and column bars passing through 
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the joint suggested by the ASCE-ACI Committee 352 (2) is 

required. This is needed to minimize the slippage of the 

reinforcing bars at early stages of loading. 

2. An increase in the share of the load carr ied by 

some of the columns after the failure of the other columns 

was observed in two of the tested specimens. This small 

increase in the load-carrying capacity took place in the 

last cycles of loading after the columns developed their 

expected design load. A study of the load redistribution 

and its effect on the behavior of statically indeterminate 

frames at the early stages of loading when significantly 

weaker columns or joints are present is desirable. 

3. In specimen 4, the effect of the 50 percent reduc

tion in the right exterior joint on the confinement of the 

joint as well as on the general response of the specimen 

was observed. A further study on the effect of reduc i ng 

all joints' transverse reinforcement in statically indeter

minate frame seems appropriate. This will lead to a better 

understanding of the role of joint transverse reinforcement 

in the overall response of indeterminate frames. 



APPENDIX A 

SPECIMEN DESIGN 

A.l General 

Sever~l factors influenced the design of the test 

specimens: 

1. Overall dimensions of the specimens had to fit the 

proposed testing system. This was limited, in turnJ by the 

existing hole spacing in the three feet concrete floor at 

the testing labor.atory (3 feet spacing between the holes). 

2. The concrete compress ion strength and the overall 

dimensions of the specimens (i.e. length of the beams and 

columns), and the beams and columns cross-sectional area, 

were constant for all specimens. This was done so that the 

behavior of the specimens could be more easily compared. 

3. In each specimen, the two exterior columns were 

identical and the beam longitudinal reinforcement consisted 

of one layer of tension and one layer of compression steel 

to avoid congestion inside the joints. 

4. The specimens were proportioned such that they 

would fail within the loading capacity of the existing 

laboratory test equipment. 

5. Sufficient shear reinforcement was provided to 

prevent shear failure in beam or column elements. 
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6. The latest design recommendations of the ACI-ASCE 

Committee 352 (2) were followed for the design of the 

specimens. 

7. The study had to stay within the approved budgetary 

limitations. 

To fulfill the objectives of this study, the ACI

ASCI Committee 352 recommendations (2) were completely 

satisfied in designing the specimens except for the 

following modifications: 

1. Flexural strength ratio (MR) in the second specimen 

was reduced by 20 percent (1.2 instead of 1.4). 

2. Joint shear stress factor (y) in the third specimen 

was increased by 20 to 35 percent (15 and 20 for the 

exterior and interior joints, respectively). 

3. Number of the transverse reinforcement inside the 

right exterior joint in the fourth specimen was reduced by 

50 percent (two sets of hoops instead of four). 

Because the variable values were selected in 

advance, the design of the specimens was a trial and error 

procedure. However, all specimens were designed for a 

target concrete compressive strength of 5000 psi and 

longitudinal reinforcement yield strength of 60 and 40 ksi. 

The ultimate strength c~pacity of the different trial 

sect ions was evaluated following the ACI 318-83 (34) 

guidelines for designing reinforced concrete sections. 
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All specimens were symmetrical and had the same 

beam length (9 feet), column height (8.5 feet), beam cross

section (8" x 15"), exterior column cross-section (10" x 

15.25") and interior column cross-section (18.25" x 10"). 

For all specimens, the width of the columns was 2 in. 

larger than that of the beams. However, the beams were 

concentrically framed into the columns. 

The procedure used for the design of the specimens 

and the calculations used for designing specimen 2 (as a 

numerical example) are presented in the following sections. 

A.2 Flexural Design of Beams 

Because only the shear stress factor (Y) for the 

exterior and the interior joints was known in advance, the 

design of the beams for the first specimen was a trial and 

error procedure. Several preliminary trial beams were 

designed using an assumed concrete compressive strength of 

5000 psi, column height between the steel clevice pins of 

8.5 feet and a 25% increase in the specified yield stress 

of the longitudinal reinforcement to account for actual 

yield stress and strain hardening. One design, which had a 

reasonable cross-section area and steel distribution, was 

selected and analyzed and then modified either by changing 

the cross-section area or by increasing the number or size 

of the main reinforcement until the target design values 

(y) were satisfied. 
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The beam design for the last three specimens was 

very straightforward because all the variable values were 

fixed in advance including the compressive strength of the 

concrete, overall dimensions and the beams cross-sectional 

area. Several preliminary, trial reinforcing bar arrange

ments were designed. One arrangement was selected; then 

the section was analyzed and the location, number, or size 

of the reinforcing bars was modified until the target 

design joint shear stresses were obtained. 

After testing each specimen, the beam sections were 

analyzed using the measured concrete compressive strength 

and the actual yield of the reinforcing steel. The final 

results were very satisfactory. 

A.3 Flexural Design of Columns 

Since the column cross-sections in the first 

specimen were unknown, the design of the columns was a 

trial and error procedure. Several trial column sections 

with different steel bars arrangement were designed. These 

sections satisfied the slippage requirements and the 

development length of the terminated beam bars in the 

exterior joints. 

terms of good 

selected. The 

The most suitable cross-section area in 

steel arrangement for each column was 

interaction diagrams for these selected 

sections were designed using a computer program which 

incorporated the specified material properties. For each 
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interaction diagram, a point below the balanced condition 

\'1as selected to give the required column moment which was 

calculated from 

where, MR = the flexural strength ratio 

tMb = sum of the nominal flexural capacities of 

the beam framing into each column using the 

specified material properties. 

If the corresponding axial load for this point was 

less than: 1) the capacity of two steel strands (Appendix G 

contains complete details of the column axial load applica

tion), 2) 40 percent of the balanced axial load, the 

selected section was considered satisfactory. Otherwise, 

the column section was modified either by changing the 

cross-section area or by increasing the number or size of 

the reinforcement bars until the two requirements were 

satisfied. 

For the last three specimens, the column design was 

an easy task, because the column cross-sections were known 

in advance. Thus, the above procedures were followed in 

order to select a reasonable longitudinal reinforcement 

arrangement for each column. 

After testing was accomplished, the column sections 

were analyzed using the actual concrete compressive 
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strength and the measured yield stress of the reinforcing 

steel. 

A.4 Shear Design 

The shear reinforcement in the beams and col umns 

was provided to satisfy the requirements of Appendix A of 

ACI 318-82 (34). 

A.4.1 Beam Shear Reinforcement 

Grade 40 No. 4 closed rectangular stirrups with two 

overlapping legs were used in all beams to resist the shear 

forces. According to section A.9.4 of ACI 381-83, the 

maximum allowable spacing of the stirrups over a distance 

equal to two times the depth of the member from the joint 

faces and over the remaining distance was limi ted to d/4 

and d/2, respectively. Thus, the ties were spaced at 3 in. 

intervals over the 30 in. distance from both faces of the 

col umns and at 5 in. over the remaining portions in the 

middle of the beams. The first stirrups was placed at 2· 

in. from the joint faces. 

A.4.2 Column Shear Reinforcement 

Section 4.2.2.7 of the ACI-ASCE Committee 352 (2) 

governed the extension of the transverse reinforcement 

above and below the joints. Grade 60 No. 4 closed rectan

gular hoops with 135 degree bends at their ends and 6 inch 

extensions were used at 5 in. spacing over a 25 in. 
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distance above and below the joints. Then, Grade 40 No. 4 

closed stirrups were installed over the remaining distance 

in each column at 3 in. spacing. Figure A.I shows a 

typical beam and column shear reinforcement. 

A.5 Joint Transverse Reinforcement 

The area and the spacing of the joints' transverse 

reinforcement were selected according to the ACI-ASCE 

Committee 352 recommendations (2). 

For all the specimens, four sets of Grade 60 No. 4 

closed rectangular hoops with 135 degrees at their ends and 

6 inch extensions were placed in each joint with 2.0 in. 

spacing except for the right exterior joint of the fourth 
/ 

specimen where two sets had 3.25 in. spacing. Figure A.2 

shows a close view of the joints' transverse reinforcement. 

A.6 Development of Beam Reinforcement 

To account for possible construction and fabrica-

tion problems, the beams' longitudinal bars were designed 

so that they allowed overlapping in the center half of the 

beam. The overlap length was selected to satisfy the 

requirements of Appendix A of ACI 318-83 Code (34). The 

reason for selecting the center half of the beam for the 

overlapping was to ensure that the beams' plastic hinge and 

flexural capacity would not be affected. 



Fig. A.I. 

Fig. A.2. 

Typical beam and column shear reinforcement 
(middle joint). 

Joint's transverse reinforcement. 
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All longitudinal reinforcements of the beam's 

framing into the exterior joints were anchored in the core 

of the joints with standard 90 degree hooks. A close view 

of the 90 degree hooks is shown in Figure A.3. 

A.7 Anchor Bolt Design 

For all specimens, Grade 60 No. 9 anchor bolts 

(13S-degree bend plus 4 in. extension with 19 in. develop

ment length) were designed to connect the A36-steel male 

clevices to the column ends. In designing these bolts, the 

requirements of sec. l2.S of ACI 318-83 Code (34) were 

satisfied. Typical anchor bolts used in column ends are 

shown in Figure A.4. 

A.8 Design Example 

To demonstrate the design procedure discussed in 

the previous sections, specimen 2 was selected. This 

specimen has beam cross-sections of 8" x IS", an exterior 

column cross-section of 10" x lS.2S" and an interior column 

cross-section of 10" x l8.2S". These cross-sectional areas 

were fixed after testing the first specimen. [Subscripts 

(E) and (I) refer to the beams framing into the exterior 

and interior joints, respectively.] 

A.8.l Beam Design 

For the beams framing into the exterior columns 

try: 



Fig. A.3. 

Fig. A.4. 

Anchorage of beam longitudinal bars in an 
exterior joint. 

Typical anchor bolts used in column ends. 

.. j 

/' 
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Top steel, Asl = 1.8 in 2 , dl = 2.5 in, 3 No.7 Grade 60 

Bottom steel, As2 = 1.8 in 2 , d2 = 12.5 in., 3 No.7 Grade 

60 

For the beams framing into the interior column try: 

Top steel, Asl = 1.32 in 2 , dl = 2.5 in, 3 No.6 Grade 60 

Bottom steel, As2 = 1.32 in 2 , d2 = 12.5 in., 3 No.6 Grade 

60 

(a) Checks: 

The slippage of the longitudinal bars through the 

interior joint was checked using the following relation

ship: 

h(column)/db(beam bars) = 18.25"/0.75 = 24" > 20 OK 

The development length of the longitudinal bars terminating 

in the exterior joints was calculated from the following 

forrnu la: 

0.8(1.25)(60,000)(0.875) 

= 
75 J 5000 

= 10 in. 
75/ f~ (psi) 

where, 0.8 = a reduction factor in case the transverse 

joint reinforcement is placed less than or 

equal to three times the diameter of the bar 

being developed 
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a = 25% increase in the yield styrength of the bar 

being developed 

fy = the yield strength of the bar 

dh = nominal diameter of hooked bar 

f~ = ultimate strength of concrete 

The distance provided in the exterior joints to accommodate 

the development length was evaluated by assuming clear 

cover of 1.5 in. and a diameter of 1/2 in. for the joint 

transverse reinforcement, 

ld = H - 2(clear cover) - dhj 

ld = 15.25 - 2(1.5) - 1/2 = 11.75" > ldh OK 

where, ld = provided distance 

H = depth of column section 

dhj = nominal diameter of joint hoop 

(b) Flexural Design: 

The ultimate flexural capacities were calculated 

using Whitney's Stress Block, 5000 psi concrete compressive 

strength and 25% increase in the specified yield stress of 

the reinforcing bars. 

MubE = 121.20 kips-feet 

Mubr = 91.35 kips-feet 

- - ----~---~~~~~--~~--~~~-



316 

The shear forces in the columns were calculated from the 

equilibrium of the external forces acting on each joint. 

MubE 121.2 

= = 14.26 kips 
L 8.5 c 

2Mub r 2x91.35 
Vcol r = = = 21. 5 kips 

L 8.5 c 

where, Lc = length of the column between the steel clevice 

pins. 

The tensile forces in the beams were evaluated as: 

TbE = As a fy = (1.8)(1.25)(60) = 135 kips 

Tbr = As afy = (1.32)(1.25)(60) = 99 kips 

The ultimate joints shear forces were then calculated as: 

VUjE = TbE - VcolE = 135 - 14.26 = 120.74 kips 

VUjr = 2Tbr - Vcolr = 2(99) - 21.5 = 176.5 kips 

Finally, the joints' shear stress factors were evaluated by 

dividing the ultimate shear stress in the joint by the 

joint cross-sectional area as seen below: 

y 
E 

vU jE 

IfI b.h V ~c J 

120.74 

= (J 5000/1000)(9)(15.25) 
= 12,.4 

-------------------------------------
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176.5 

= 
(J5000/l000) (9) (18.25) 

= 15.2 

The resulting shear stress factors for the joints 

were close to the target values of 12 and 15 for the 

exterior and the interior joints, respectively; thus, the 

flexural design of the beams was considered satisfactory. 

(c) Shear Reinforcement Design: 

The maximum shear force in each beam [Vb(max)], was 

calculated as follows: 

vb(max) = 
L 

n 

= 
91.35 + 121.2 

= 28 kips 
7.6 

where, MUbL' MUbR = the ultimate flexural capacities of the 

beam ends framing into the interior and 

the exterior joints, respectively 

= clear span length of the beam between 

the exterior nd the interior columns 

The maximum shear stress, vb(max), was then calculated as: 

1000(Vb(max)) 28000 

= = 280 psi 
8" x 12.5" 

vb(max) = 

where, bb = width of the beam 

dEb = effective depth of the beam 
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The shear stress to be resisted by the shear reinforcement 

was evaluated by allowing a maximum shear stress of 2 Jf~ 

to be carried by the concrete. 

Vs = vb{max) - Vc = 280 - 141.42 = 138.6 psi 

The required spacing of Grade 40 No. 4 stirrups to 

resist the excess shear force was calculated from the 

following relationship: 

(2) (0.2) (40,000) 

= = 14.4 in. 
8" x (138.6) 

According to sec. A.9.4 of the ACI 318-83, the 

maximum allowable spacing of the stirrups over a distance 

equal to two times the depth of the member from the joint 

faces was limited to d/4. For the remainder length of the 

beam, the spacing of the stirrups is limited to d/2. 

A.8.2 Column Design 

For the exterior and the interior columns, try: 

Top steel, As' = 0.88 in2, dl = 2.5 in, 2 No. 6 Grade 40 

Middle steel, Asm = 0.88, d2 = 9.13, 2 No. G Grade 40 

Bottom steel, As = 0.88, d3 = 15.75, 2 No. 6 Grade 40 
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(a) Checks: 

According to section 4.1.2 of the ACI-ASCE Com

mittee 352 (2), the confinement requirements were checked 

as follows: 

Total Area of Column Steel = 6 x 0.44 = 2.64 in 2 

2.64 in 2 > 0.01 x Ag OK 

2.64 in 2 < 0.08 x Ag OK 

6 bars > 4 bars OK 

The selected column reinforcements were fully distributed 

around the perimeter of the column core. OK 

The center-to-center spacing between adjacent longitudinal 

bars < 12 in. OK 

The anchorage of the longitudinal bars through the joints 

was checked as follows: 

h(beam)/db(co1umn bars) = 15/0.75 = 20 OK 

b) Flexural Design: 

The nominal flexural capacities of the beams' 

framing into the exterior and interior columns were 

calculated without a 25% increase in the yield strength. 

MUbE = 96.96 kips-feet 

MUbI = 73.08 kips-feet 
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The required column moments which satisfied the target 

flexural strength ratio were evaluated from the following 

relationship: 

McolE = MR(Mub/2) ~ [(1.2)(96.96)(12)]/2 = 698 kips-in. 

McolI = MR(MubI) = (1.2)(96.96)(12) = 1052.35 kips-in. 

Figures A.5 and A.6 show the interaction diagrams for the 

exterior and interior columns, respectively. The corre

sponding axial loads for those moments were zero kips and 

40 kips. Both axial loads were less than 40 percent of the 

balanced axial loads and within the range of the capacity 

of the steel strands. Hence, the flexural design of the 

columns was considered satisfactory. 

(c) Design of Joint Transverse Reinforcement: 

According to section 4.2.2.3 of the ACI-ASCE 

Committee 352 (2), the center-to-center spacing between 

layers of transverse reinforcement is limited to one

quarter of the minimum column dimension. Hence, 

Sh = 10"/4 = 2.5 in. 

According to Eqs. 4.2 and 4.3 of the ACI-ASCE Committee 352 

recommendations, the required area of transverse reinforce

ment in each set is calculated as: 
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S h" f I 

h c 
ASh 

_. 0.3 (Ag/Ac -1) ( 4 • 2 ) 
fyh 

2.5(7)(5) (15.25 x 10) 2 A = 0.3 [ - 1] = 0.36 in 
shE 60 (12 x 7) 

(2.5)(7)(5) (18.25 x 10) 2 A = 0.3 [ -1] = 0.33 in sh I 60 (15 x 7) 

S h" f I 

h c 
ASh = 0.09 ( 4 • 3 ) 

fyh 

(2.5)(7)(5) 2 
A h ' A = 0.09 = 0.13 in 

s I shE 60 

where, h" = crosss-sectional dimension of column core 

measured outside-to-outside edge of confining 

reinforcement 

Ac = cross-sectional area of a structural member 

measured outside-to-outside edge of transverse 

reinforcement 

Ag = column gross sectional area 

fyh = yield strength of hoops 

f~ = ultimate strength of concrete 

Therefore, using Grade 60 No.4 hoops at 2.0 in. 

spacing satisfies the above requirements. 
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(d) Shear Reinforcement Design: 

The required spacing of Grade 40 No. 4 hoops was 

calculated following the same procedure used for the beams' 

shear reinforcement design. Using maximum shear forces of 

14.26 kips and 21".5 kips for the exterior and the interior 

columns, respectively, the minimum required spacing was 

found to be: 

SCE = 32" 

SCI = 32" 

Section 4.2.2.7 of the ACI-ASCE Committee 352 (2), 

governed the design of the extension of the joints' 

transverse reinforcement above and below the joints. 

Therefore, Grade 60 No. 4 stirrups at 5 in. spacing over 

the 25 in. distance above and below the joints and Grade 40 

No. 4 closed stirrups at 3 in. spacing over the remaining 

distance in each column were used. To ensure good confine

ment for the concrete near the column ends, where the 

anchor bolts were located, the spacing of the transverse 

reinforcement was reduced to 3 inches. 



APPENDIX B 

MATERIAL PROPERTIES 

B.l Concrete 

All concrete used in this study was obtained from 

the Tanner Companies, a ready-mix producer plant in Tucson, 

Arizona. All mixes were selected to give a 28-day 

compressive strength of 5000 psi. The mix code in the 

company was (019007) and the mix proportions for one cubic 

yard of concrete are listed below: 

Cement, Type II 
Fly Ash, Class F 
Rock I" 
Sand 
Water 
MBL-80 

Total 

One Cu. Yd. 
(lbs) 

580 
120 

1810 
1140 

308 
35 ounces 

3958 

Absolute Volume 
(ft3 ) 

2.96 
0.83 

11. 20 
7.06 
4.95 

27.00 

Before placing the concrete inside the form, a 

slump test was performed to check the required slump of the 

mix. If the slump was not in the range of 4-6 inches, 

additional water was added. Twenty (6" X 12") standard 

cylinders were cast and cured simultaneously with each 
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specimen under the same curing conditions as for the 

specimens. Casting and curing is explained in more detail 

in Appendix D. 

To ensure good tracking of the concrete compressive 

strength, four cylinders at a time were tested at intervals 

of four days before fixing a date for testing the specimen. 

Eight cylinders were tested on the day each specimen was 

tested. Before testing the cylinders, all cylinders were 

capped with a sulphur compound to ensure uniform loading 

following the recommendation of the American Society for 

Testing and Materials ASTM C39-84 (42). Figure B.l shows 

the capping process for the cylinders. 

Uniform stress was applied by the 350-kip-capacity 

Forney testing machine to break all cylinders. The results 

from 28 days and from the time of testing are summarized in 

Table B.l. Fig. B.2 shows a cylinder in the testing 

machine. 

In order to obtain the concrete compressive stress 

vs. strain curve, an extensometer was attached to some of 

the cylinders. The shortening of the cylinders' height 

over a length of 6 inches was recorded by the dial gage at 

uniform stress intervals, and then averaged. Finally, the 

recorded data were plotted. 



Fig. B.lo 

Fig. B.2. 

Capping process for the cylinders. 

A concrete cylinder ready for compression 
testing. 
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Table B.l. Results of concrete cylinder tests 

f' c (psi) 

Specimen Slump Age* 
Number (in. ) (days) 28 day test day 

1 4.0 109 5130 5410 
5060 5520 
5130 5760 
5160 5660 

5380 
5450 

Avg. 5120 

Avg. 5530 

2 4.5 28 ** 5020 
5270 
5060 
4990 
5230 
4990 

Avg. 5090 

3 6 23 5130 4920 
5160 5130 
5200 5060 
4950 4990 
5230 5200 
5060 5230 

Avg. 5120 Avg. 5090 



Table B.l--continued 

Specimen Slump Age* 
Number (in. ) (days) 28 

4 6 28 

* Age of each specimen on the test day 
**Specimen was tested at age of 28 days 

day 

** 

329 

fl 
c (psi) 

test day 

5300 
5200 
4990 
5090 
5060 
5020 

Avg. 5110 

Note: Due to unexpected damage to one of the data acqui
sition electronic cards, a delay in the testing 
time of specimen 1 resulted. 
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The extensometer attached to a cylinder is shown in 

Fig. B.3. A typical concrete compressive stress vs. strain 

plot is shown in Fig. B.4. 

B.2 Reinforcing Steel 

All reinforcement used in this study were 

fabricated by the C.L.G. Steel Company, Incorporated, 

Tucson, Arizona, according to the design of each specimen, 

ACI-318-83 recommendations and the dimensions provided. 

Grade 60 steel was selected for the beam's 

longitudinal bars, the anchor bolts used to connect the six 

steel male clevices to the specimen column ends, and all 

stirrups in columns near the joints. Grade 60 and 40 steel 

was used for the column's main reinforcement. Grade 40 

steel was used to make all the stirrups for the beams and 

the ends of the columns. 

To measure the properties of the reinforcing bars, 

the device shown in Fig. B.5 was constructed. Three 

samples for each bar size were randomly selected and two 

pinch marks were made eight inches apart on each. The two 

pin ended screws of the device were attached to the pinch 

marks and tightened to the bar sample using two spiral 

stirp clamps. Each sample was placed in the 200-kip

capacity Tinuis Olsen loading machine and subjected to a 

uniform uniaxial tensile load. Elongation of the bar over 

the eight inch gage length was recorded directly from the 
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Fig. B.3. An extensometer attached to a concrete cylinder. 
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Fig. B.S. The device used to determine the reinforcing 
bar properties 
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dial gage. 
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The recorded loads and elongation were 

converted to stresses and strains, which in turn, were used 

to obtain the stress vs. strain curves via a computer 

program. The testing set-up is shown in Fig. B.6. 

Yield stress, yield strain, strain hardening, 

ultimate stress and rupture stress were recorded. The 

average of the measured properties for all samples is 

listed in Table B.2. A typical plot of tensile stress vs. 

strain for Grade 60 No. 6 reinforcing bar is shown in Fig. 

B.7. 

- -------------------
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Fig. B.6. Testing set-up for reinforcing bar. 



Table B.2. Average measured properties of reinforcing steel 

Bar Yield Yield Elastic Strain Ultimate 
size Grade stress strain modulous hardening stress 

fy {ksi} Ey E {ksi} Esh fu {ksi} 

#4 40 48.640 0.00165 29500 0.01226 93.020 

#4 60 70.420 0.00241 29200 0.00563 107.718 

#6 40 53.760 0.00181 29700 0.01043 99.007 

#6 60 76.150 0.00248 30700 0.00518 109.463 

#7 60 76.390 0.00256 29800 0.00533 111.815 

#8 60 79.30 0.00267 29700 0.00546 113.913 

#9 60 79.67 0.00257 31000 0.00515 116.375 

Rupture 
stress 

Pr {ksi} 

77.120 

94.350 

79.063 

97.760 

99.440 

100.630 

105.491 

w 
W 
0'\ 



,..... 
H 
lJ) 
y:: 
'\..J 

lJ) 
lJ) 

W 
~ 
I
lJ) 

120 I-

80 I-

40 

00 

STRESS-STRRIN CURVE FOR BRR * 7 GR. 60 

~ 

,. ,. ,. 

STRRIN HRRDENING EQUATION 
R0= 72.3024696744 
Rl= 958.577283947 
R2=-5974.77341491 

B a 

STRESS=R0+Rl*STRRIN+R2*CSTRRIN**2) 

I I I I 

.02 .04 .06 .08 

STRRIN 

Fig. B.7. Typical curve of stress vs. strain for reinforcing steel used in 
the specimens. 

w 
w 
~ 



APPENDIX C 

STRAIN GAGES 

C.l Introduction 

Type FLA-6-lL electrical resistance strain gages 

with three vinyl lead wires, a resistance of 120 ± O.S 

ohms, and a gage factor of 2.14, were purchased from Texas 

Measurement, Inc., College Station, Texas. The gages were 

manufactured in Japan and their dimensions are shown in 

Table C.l. 

Table C.l. Strain gage dimensions (in.) 

Gage 
Length 

3/8 

Overall 
Length 

1/2 

Gage 
Width 

1/8 

Overall 
Width 

2/8 

These gages were used to measure the elongation and 

shortening of reinforcing bars at the prospective 

locations. Unless noted otherwise, all cleaners, adhesives 

and coatings were manufactured by the Measurements Group, 

Inc., Raleigh, North Carolina. Figures C.l through C.S 

show the different stages of mounting the strain gages to 

the reinforcing bars. 
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Fig. C.l. 

Fig. C.2. 
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solution and protective coating materials used 
in this study. 

Surface preparation stage (one inch sander
grinder machine) . 

--------------------------------------
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Fig. C.3. Strain gage attachment stage. 

I 

i 
rl 

Fig. C.4. Applying M-coat A. 
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Fig. C.S. Applying melted wax. 
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C.2 Strain Gage Application 

The steps of mounting one strain gage on the steel 

bar were as follows: 

a. Surface Preparation 

1. The location of each strain gage was marked on the 

reinforcing bar by a steel file and minimum numbers 

of ribs were removed from the steel bar using a 3/4 

h.p. bench grinder and a one-inch sander-grinder. 

Care was taken to file approximately a 1-1/2 in. by 

1/2 in. area and not to reduce the effective 

diameter of the bar. 

2. Coarse and fine grit sandpapers were used to buff 

the same spot and to smooth the surface. 

b. Surface Cleaning 

1. The smoothed surface was cleaned using a dry steri

pad to remove any scale left from the grinding 

process • 

. 2. The surface was scrubbed three times in one 

direction using cotton swabs saturated with a 

water-based acidic surface cleaner (Conditioner A 

(M-prep», and then wiped gently three times in one 

direction using sterile pads. 

3 • Step two was repeated using a water-based alkaline 

surface cleaner (Neutralizer 5 (M-prep». 



343 

c. Bonding Process 

1. The location of the strain gage was marlced on the 

clean surface of the reinforcing bar and the strain 

gage (bound side down) was placed on a clean glass 

plate. 

2. A 2-inch transparent tape was placed over the gage 

and one end of the tape was raised at a shallow 

angle (about 45 degrees) bringing the gage up with 

the tape. 

3. The gage/tape assembly was positioned over the 

marked location, and then the gage end of the tape 

assembly· was lifted from one side at a shallow 

angle until the gage was free from contact with the 

reinforcing bar surface. The tape was folded in 

this position until step #4 was finished. 

4. M-Bound 200 catalyst was applied in a thin, uniform 

coati then one drop of M-Bound 200 adhesive was 

applied to the fold formed by the junction of the 

tape and reinforcing bar surface. 

5 . I mm e d i ate I y , a sin g lew i pin g s t r 0 k e 0 v e r the 

gage/tape assembly was made with a thumb to bring 

the gage back down over the marked location. Then 

thumb pressure was applied to the gage for two 

minutes. 
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6. The tape was removed by pulling it back directly 

over itself. 

d. Gage Insulation and Protection 

1. After removing the tape from the strain gage, one 

layer of M-Coat B was applied to the wires coming 

out of the strain gage for insulation purposes. 

2. Several layers of M-Coat A were also applied to the 

strain gage at intervals of two hours for 

insulation. 

3. To provide waterproofing and to protect the strain 

gage from damage during construction and casting 

the specimen, melted wax was used to cover the 

strain gages; electrical tape was also wrapped 

around the gages. The length of the assemblage was 

kept as small as possible to minimize the loss of 

bond. 



APPENDIX D 

CONSTRUCTION OF SPECIMENS 

D.l Formwork 

One plywood form was fabricated to cast one 

specimen at a time with the form laid horizontally on the 

floor. The base of the exterior walls of the form were 

constructed with 3/4 inch-thick BB plywood. The base of 

the form was designed to permit partial assembly in the 

middle of the beams for easy removal of the base from the 

specimen after casting and to have a six inch edge strip on 

all sides to support the exterior walls. Three 2 in. by 4 

in. fire wales in the form of two layers were nailed to the 

base to support it horizontally on the concrete floor. One 

and a half inch square fire wales were used to stiffen the 

exterior panels from the outside faces. The exterior walls 

were supported at the top with fourteen 3/4 inch x 2 inch 

fire wales which ran across the width of the exposed 

surface of the beams and columns at different locations. 

150-1/4 inch x 3 inch machine bolts, 150 Hex-nuts and 300 

flat washers were used to connect the different parts of 

the form. The interior of the form was covered by plastic 

sheets to ease the removal of the specimens after casting 
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and to prevent the loss of water from fresh concrete. Fig. 

0.1 shows a finished form. 

To avoid any alignment problems between the 

specimen ends and the testing system after casting, six 

A36-steel male clevices were bolted to the form at the 

column ends. The form was put in position and supported by 

2 inch-thick plywood panels. Finally, the six steel 

clevices were connected to the testing system at the 

appropriate locations as shown in Fig. D.2. 

D.2 Preparation of Reinforcing Bars and Stirrups 

According to the design of each specimen, ACI 318-

83 Code requirements (34) and the dimensions provided, 

longitudinal reinforcing bars, transverse reinforcement and 

anchor bolts were fabricated by the C.L.G. Steel Company, 

Inc., Tucson, Arizona. 

To avoid construction and fabrication problems, the 

beam longitudinal bars were designed and ordered so that 

they allowed overlapping near the middle regions of the 

beams. The main reinforcement in the columns was straight; 

therefore, the supplier was required to cut them to the 

appropriate length. Two types of shear reinforcement were 

ordered from the supplier. First, full rectangles with two 

overlapping legs. This type was used in the beams and the 

regions of the column ends. The second type, closed 

rectangles with 135 degree bends at their ends and 6. inches 



Fig. D.l. 

Fig. D.2. 

The finished form. 

, , 
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J 
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The finished form connected to the testing 
system. 
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extension were used in all joints and the portions above 

and below the joints. Figure D.3 shows the steel delivered 

for the fourth specimen. 

D.3 Strain Gage Attachment 

Electrical resistance strain gages were bonded to 

the appropriate locations of the reinforcing bars, follow

ing the procedure described in Appendix C. 

D.4 Assembly of Reinforcement 

The construction of the column cages was done 

outside the form. The free ends of the longitudinal bars 

were supported by a wooden table and steel jack stand. In 

order to slide the stirrups around the bars, the mid-span 

was supported by another jack stand after removing the 

first one. The required number of hoops were slid around 

the main reinforcement bars, and then the mid-span jack 

stand was removed after placing the first one at the free 

end. Transverse reinforcements were then tied along the 

length at the desired spacing by using sixteen gage 

annealed wire. Joint stirrups were kept free to allow for 

the sliding of the bent ends of the beams' longitudinal 

bars inside the two exterior joints. Figure D.4 shows the 

assembling process of one column cage. 

The beam cages were assembled inside the form. 

After placing the column cages inside the form at the 
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Fig. D.3. The delivered steel for s.P. #4. 

Fig. D.4. Assembling process of column cage. 
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appropriate places, the bent ends of the reinforcement bars 

were slid into the right exterior joint cage, and then 

supported by small pieces of wood at their ends. The 

required number of stirrups for the right beam were slid 

around the beam bars, the bent ends were tied to the column 

cage, and a few stirrups were also tied to the longitudinal 

bars. Figure D.5 shows the above process. The reinforce-

ment bars of the beams' portions around the middle joint 

were also slid through the middle column cage, then 

overlapped and tied with the longitudinal bars coming out 

of the right exterior joint. Eventually, the rest of the 

stirrups of the right beam were tied to the main reinforce

ment of the right beam. Following the same procedures, the 

left beam cage was assembled. Figure D.6 shows a complete 

assembly for the beam cages. 

Upon completion of the beam cages, anchor bolts 

were slid into the ends of the column cages and tied to 

them while the threaded ends were bolted to the steel male 

clevices. A close view for the anchor bolt connections is 

shown in Figure D.7. 

Fourteen U-shaped hooks were connected to the cages 

in several places to aid removal of the specimen after the 

test completion. The entire reinforcing cage was supported 

by 1-1/2 inch steel spacers in several positions to provide 

the required clear covers and to ensure that the cages 
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Fig. D.s. Assembling process of beam cages. 

Fig. D.6. Complete assembly for beam cages. 
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Fig. 0.7. Close view for the column end anchor bolts. 
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would not move during specimen casting. Figure 0.8 shows a 

specimen before casting. 

0.5 Pouring of the Concrete 

Before casting each specimen, all strain gage wires 

were rearranged and tied to the reinforcement cages at the 

appropriate locations. The free ends of these wires were 

grouped together and inserted inside plastic bags to avoid 

any damage during the specimen casting. 

Concrete was mixed and delivered in a ready-mix 

truck by the Tanner Companies according to the mix propor

tion specified in Appendix B. Based upon the design and 

the spacing between the reinforcing bars of each specimen, 

additional water was added to the mix to obtain a slump 

value between 4 to 6 inches at the company before delivery. 

However, before placing the concrete inside the form, a 

slump test was performed to check the required slump value. 

If the slump was not in the specified range, additional 

water was added to the mix. 

After casting the twenty reusable steel concrete 

cylinder molds, the concrete truck was guided to come close 

enough to the form; then the concrete was placed directly 

in the form through a conveyer inclined at a suitable angle 

starting from the far end of the form. The concrete was 

compacted with a hand-held electrical vibrator to avoid air 

voids and care was taken to avoid any damage to the strain 
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Fig. 0.8. Specimen #4 ready for casting. 
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gages during this process. After pouring, excess concrete 

was removed with a flat-edge steel bar~ then the exposed 

surface of the specimen was smoothed with a trowel. To 

avoid water evaporation, the exposed surface of the 

specimens and the cylinders were covered with burlap and 

plastic sheets. For ten days, the specimen and cylinders 

were watered once each day to avoid evaporation and to 

provide proper conditions for full hydration. After this 

time, the forms were removed allowing the specimen and the 

cylinders to cure uncovered until the day of testing. The 

schedule and details of testing the concrete cylinders are 

presented in Appendix B. 

Figures D.9 and D.lO show the specimen with the 

cylinders during the curing period and after the removal of 

the forms, respectively. 
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Fig. D.9. Specimen and cylinders during the curing period. 

Fig. D.lO. Specimen and cylinders after the removal of 
the forms. 



APPENDIX E 

TESTING FRAME 

E.l General 

Because of safety and the limitations of the 

facilities at the laboratory, the testing system was 

designed to allow for testing of the specimens horizon

tally. The specimens were supported by five steel carts 

with special low friction and high capacity rubber casters 

over the concrete slab. According to the dimensions 

provided and the AISC recommendations (39, 40), the testing 

frame was fabricated commercially by Continental Steel 

Industries, Inc., Tucson, Arizona. 

E.2 Original Testing Frame 

The original testing system consisted of two parts 

as shown in Fig. E.l. The first part (upper portion) 

contains a 110 kips capacity, double acting hydraulic 

actuator. The base of the actuator was mounted 5 inches 

above the concrete floor and bolted to the right exterior 

face of an approximately 7 x 4 x 4 foot, hollow rigid steel 

reaction box. The box was braced internally by several W

shaped steel beams and bolted to the three-foot concrete 

floor by four 8 foot x 1-1/2 in. diameter threaded steel 
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Fig. E.l. Original testing system. 
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Figures E.2 and E.3 show respectively the external 

and the internal connection of the actuator base to the 

reaction box. The head of the actuator was bolted to the 

upper flange of the W 14" x 90 x 20' steel beam 5-1/2 feet 

from the left end. In addition, three steel plates were 

welded to the web of the beam from both sides to stiffen 

the steel beam at the actuator head location. The beam web 

rested on three steel carts with special, low friction hard 

rubber wheels. Figure E.4 shows the connection of the 

actuator head to the steel beam. Three female steel 

clevices were bolted to the lower flange of the steel beam 

at a distance of 9 feet center-to-center. There were three 

reasons for the first part connections: transfer of the 

actuator force to the column ends from one side through the 

movable steel beam and clevices; creation of a rigid steel 

box capable of resisting the actuator reaction; prevention 

of any motion of the actuator ends relative to specimen 

movement. 

The second part (lower portion) contains three 12" 

x 12" x 1/2" steel plates welded to three 3-1/2 in. 

diameter solid steel pins such that each pin extended 17 

inches above the square plate. The three pins were dropped 

in 2-1/4 in. diameter holes in the three-foot-deep concrete 

floor and bolted at the bottom of the slab. The main 

purpose of this arrangement was to establish a rigid 



Fig. E.2. 

Fig. E.3. 

The external connection of the actuator base 
to the reaction box. 

The internal connection of the actuator base 
to the reaction box. 
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Fig. E.4. The original connection for the actuator head 
before modification. 
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connection to sustain the design forces. Figure E.5 shows 

a close view for the lower portion of the original testing 

frame. 

E.3 First Modification in the Testing System 

Because of certain problems that arose from testing 

the first specimen in the early stages, the original 

testing frame was modified before the testing of the first 

specimen continued. 

The reasons for these modifications were twofold: 

1) small gaps between the holes in the concrete floor and 

the solid steel rods which tie the different parts of the 

testing system to the three-foot-deep concrete slab, 2) the 

rigidity of the 3-1/2 in. diameter solid steel pins and the 

1-1/2 in. diameter threaded rods of the reaction box. 

Figures E.6 and E.7 show respectively the bend in the 3-1/2 

in. diameter solid steel pins and the 1-1/2 in. diameter 

threaded rods of the reaction box which resulted from the 

small gaps between the concrete floor holes and these steel 

rods. 

To solve these problems, the following modifica

tions were introduced to the original testing system: 

1. Steel tubes to fill the gaps in the holes were used 

as shown in Fig. E.8. 



Fig. E.5. The original (lower portion) testing system 
before modification. 
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Fig. E.6. Bending in the 3-1/2 in. diameter solid steel 
pin. 
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Fig. E.7. Bending in the reaction box threaded rods. 
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Fig. E.8. Steel tubes used as shims around the solid rods. 
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2. The parts of the 3-1/2 in. diameter solid pins 

above the concrete floor were stiffened by triangular steel 

plates as Fig. E.9 indicates. 

3. The four 8 foot x 1-1/2 in. diameter threaded steel 

rods of the reaction box were replaced by six 3-1/2 foot x 

2 in. diameter solid steel rods. In addition, two 8' x l' 

x 1/2" steel plates were welded to the six solid steel rods 

and the base of the reaction box welded to these two plates 

from all sides. Figure E.IO shows the reaction box welded 

to the two 8' x l' x 1/2" steel plates. A general view for 

the testing system after the first modifications is shown 

in Fig. E.ll. 

E.4 Final Modification in the Testing Frame 

After the first modifications and before performing 

the second test for the first specimen, dial gages were 

placed at the support pins, the reaction box, and the 

actuator head to examine the slippage or movement of the 

testing system after the first modifications were made. 

During the second test, readings from dial gages were 

recorded and the results indicated a small movement in the 

three 3-1/2 in. diameter solid steel pins as well as a 

slippage between the actuator head and the movable steel 

beam. Therefore, it was felt that the first modifications 

were not sufficient and the testing frame was modified one 

more time before specimen numbers 2 through 4 were tested. 
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Fig. E.9. First modification for the (lower portion) of 
the testing system . 
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Fig. E.10. The reaction box welded to two 8' X ,1' x 1/2" 
steel plates. 



Fig. E.ll. General view for the original testing system 
after the first modification. 
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To overcome these problems, the following final 

modifications were introduced to the testing system: 

1. Two steel plates were welded to the upper flange of 

the movable steel beam around the actuator head. This was 

done to confine the active head of the actuator. In 

addition, several steel plate stiffeners w~re welded to the 

web of the beam from both sides. Figure E.12 shows the 

above modifications. 

2. Four add it ional 3-1/2 foot x 2 in. diameter sol id 

steel pins were added to the lower portion of the testing 

frame. Also, a 10" x 1/2" x 20' steel plate was welded to 

the three 3-1/2 in. diameter and the four additional solid 

steel pins such that each pin extended 5 inches above the 

plate. The twenty-foot steel plate acts as a mechanism to 

prevent the individual motion of each pin and serves as a 

base to support the three male steel clevices at the 

specimen's column ends from one side. Figure E.13 shows a 

close view of the plate with the seven pins. 

3. The reaction box was additionally braced internally 

and externally by several W-shaped steel beams to stiffen 

the side which was holding the idle end of the actuator. 

Figure E.14 shows a general view for the testing 

frame after the final modifications. The final rev ised 

frame performed satisfactorily for the testing of specimens 

2, 3 and 4. 



Fig. E.12. The actuator head connection and beam web's 
stiffeners after the modification. 
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Fig. E.13. Final modification for the (lower portion) of 
the testing system. 
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Fig. E.14. Final testing system after modification. 



APPENDIX F 

DEFLECTION MEASUREMENT 

F.l Introduction 

Twenty-eight spring return, linear position sensor 

modules (SRLPSM), Type 961SRlSKL2.Q were purchased from 

Duncan Electronics, Inc., Costa Mesa, California. Each 

transducer consists of a 2 x 1/2 x 1/4 inch compressed 

rubber body and a 1.8 inch spring return, compressed 

plastic hollow tube with a 1.5 inch maximum stroke. 

The main purpose of these (SRLPSM) is to measure 

the deformation of the joints and the beam-ends elongations 

at pre-selected locations. 

F.2 Calibration Process 

A constant, five volt power supplier, a micrometer, 

a digital voltmeter and 112 small resistors were used to 

calibrate these displacement transducers. 

procedures were carried out as follows: 

The calibration 

Step 1: Four small resistors were connected in series, 

attached, and welded to the four terminal lugs of 

each transducer. A two foot long-electrical cable 

with four lead wires was soldered to the four 
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resistors giving two input voltage ends and two 

ends output voltage ends. 

step 2: The transducer was mounted on a wooden table in 

front of the micrometer. Sixteen displacement 

readings of the SRLPSM were taken at intervals of 

1/10 inch, where the output voltage was recorded. 

Figure F.1 shows one transducer during the 

calibration process. A small computer program for the HP-

9836S computer, HP7470A plotter and the recorded data were 

then used to give the best fitting second degree curve 

using the least square method. 

After the calibration curves or equations were 

developed for each transducer, the equations were then used 

in another computer program to determine the displacement 

from the output voltages which had been stored on floppy 

disks at the end of each test. A typical calibration curve 

is shown in Figure F.2. 

F.3 Attachment Technique 

To measure the deformation of each joint, two 1 x 1 

x 1/4 inch bases and two, small, grooved one cubic inch 

cubes were attached to the upper lateral face of the joint 

at the corners using the same adhesive used to attach the 

strain gages to the reinforcing steel. Four transducers 

were bolted to four ends of 1 x 1/4 inch square arms. The 
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Fig. F.1. Calibration process of one transducer. 
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free ends of the arms were bolted to the two bases while 

the heads of the transducers tubes were inserted in the 

grooves of the cubes. This type of connection provided 

free rotation for the transducers. Figure F.3 shows a 

close view for the transducer connection of one joint. 

To measure the elongation of each beam ends, two 

transducers were attached to the top and bottom faces of 

the beam region near the column face following the same 

procedure described above, except that each transducer 

covered a gage length of 10 inches and the two transducers 

near the internal face of the column were used without 

cubes. Figure F.4 shows the beam end transducer 

connection. 



Fig. F.3. 

Fig. F.4. 

A close view of transducer connections at one 
joint. 
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A close view for one beam end's transducer 
connections. 

378 



APPENDIX G 

EQUIPMENT 

G.l General 

Two different types of testing equipment were used 

in this study. Both loading and recording equipment were 

used for specific tasks. 

G.2 Loading Equipment 

Two types of loads were applied to the test 

specimen. An axial compressive load was applied to the 

columns and a cyclic load was applied at the upper flange 

of the W 14" x 90 x 20' movable steel beam. 

a} Axial Load Equipment: 

Six hollow core aluminum load cells were made at 

the. Civil Engineering Department shop. Four strain gages 

were connected in series and mounted on the exterior wall 

of each cell following the procedure described in Appendix 

C. Figure G.l shows a typical load cell. 

six (seven-wire) steel strands were placed along 

the lateral faces of the columns passing through 1/2 in. 

diameter holes in the male clevice bases. The load cells 

were anchored to one end of each strand behind the clevice 
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Fig. G.1. Aluminum load cell. 
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bases and the other free ends were post-tensioned before 

they were anchored to the outside faces of the male c1evice 

bases. A single-strand anchor is shown in Figure G.2. 

The post-tensioning forces, as well as any changes 

in the axial loads during the test, were measured through 

the calibrated curves or equations for the load cells. 

Figure G.3 shows a typical calibrated curve for one load 

cell. The calibration procedure is discussed in section 

G.4. 

A hollow core, simplex hydraulic jack with a 

capacity of 60 kips and a stroke of 6 inches, was used to 

post-tension the -strands. The hydraulic jack was driven by 

a simplex manu~l pump manufactured by Templeton Kenly 

Company, Breadview, Illinois. The single-strand anchors 

and the strand were supplied by Stanley Structures, 

Phoenix, Arizona. Figure G.4 shows a close view of the 

post-tensioning arrangement. 

b) Cyclic Load Equipment: 

The cyclic displacements at the upper flange of the 

movable beam were applied through an MTS model 244.09 

double-acting, hydraulic actuator with a capacity of ± 110 

kips and a maximum stroke of 10 inches. The actuator was 

driven by an MTS model 510.21B hydraulic pump with a 

capacity of 23 gpm at 3000 psi continuous pressure. The 

pump was controlled through an MTS model 436.11C control 
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Fig. G.2. A single-strand anchor. 



4121 

"'" lJ) 
0... 3121 
H 
~ 
'-J' 

Q 
a: 20 o 
-1 

1121 

° 121 

CALIBRATION CURVE OF LOAD CELL * 3 
Al=-.19412196775451 

1121121 

A2= .12191217318594767 
LOAD=Al+A2*STRAIN 

21210 30121 

MICRO-STRAIN 

40121 

Fig. G.3. Typical calibration curve for a load-cell. 

w 
co 
w 



384 

Fig. G.4. A close view of the post-tensioning arrangement 
to provide column axial loads. 
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unit which provides manual or automatic control of the pump 

hydraulic pressure. The displacement of the actuator end 

was controlled by an MTS model 406.11 controller and an MTS 

series 252 servova1ve which attached to the actuator. The 

controller was operated manually. All the control units 

were placed in a 410 digital functional generator system. 

The above equipment was manufactured by MTS System 

Corporation, Minneapolis, Minnesota. 

G.3 Recording Equipment 

Data for each specimen were obtained from the MTS 

model 661.23B-02 load cell and the 10 inch stroke LVDT of 

the actuator, electrical resistance strain gages installed 

on reinforcing steel, displacement transducers attached to 

the specimen surface and strain gages mounted to the 

aluminum load cell. 

All wires of the strain gages and the transducers 

were connected to a computer controlled, high speed data 

acquisition system (HP 3947) through seven electronic cards 

(five HP model 44427A 120 ohm strain gauge/bridge option 

010-20-channe1 and two HP model 4442m 120 ohm 

transducers/bridge option 020-20-channe1). A HP 3456 DC 

power supplier was used to provide 5.0 volts excitation to 

the strain gages and the transducers. To control the 

displacements of the actuator, they were read through a 

disk digital voltmeter. The test channels were scanned and 
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controlled by a HP 9836S desk computer using a special 

computer program. At each displacement increment, data 

were read through the data acquisition system and printed 

out by a HP 82905.B printer while the actuator load vs. 

displacement was plotted continuously on the computer 

screen. At the end of each test, data were stored on two 

floppy disks. The equipment used in this study is shown in 

Figures G.5 through G.lO. 

G.4 Load Cell Calibration 

A HP 3947 data acquisition system, HP 9868S 

computer, HP 7470A plotter and 200 kips capacity Tinuis

Olsen loading machine were used to calibrate the aluminum 

load cells as described below. 

After connecting the equipment, the load-cell was 

placed under the loading machine. Then the load was 

applied to the cell at intervals of 2.5 kips until it 

reached 30 kips. At each load interval, the micro-strain 

value was recorded. All micro-strain values were 

subsequently stored on floppy disks. These stored data 

were then used to obtain the final calibration curves or 

equations via a computer program. 
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Fig. G.S. Wires connection of the electronic cards. 



Fig. G.6. The 410 digital function generator system 
included two Model 406.11 controllers and 
one Model 436.11 control unit. 
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Fig. G.8. Model SlO.2lB hydraulic pump. 
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Fig. G.9. The hydraulic actuator. 

Fig. G.lO. Equipment in position for operation. 



APPENDIX H 

MODIFICATION OF DATA FOR THE FIRST SPECIMEN 

H.l Background 

The first specimen was tested twice. In the first 

test, the specimen was loaded through eleven displacement 

cycles. During the eleventh displacement cycle, a large 

movement from the support pins and the reaction box, as 

well as slippage between the actuator head and the movable 

steel beam, was observed. A decision was made to stop the 

test immediately. Data from the strain gages bonded to the 

different types of reinforcement were carefully studied and 

the results confirmed that none of the reinforcement had 

yielded. Figures H.l to H.7 show the strain history at 

gage locations 6, 10, 17, 25, 26, 34 and 36, respectively. 

It can be seen that only elastic behavior was recorded by 

these strain gages, typical for the rest of the strain 

gages in this specimen. 

Some modifications were introduced in the testing 

system as explained in Appendix E. Before performing the 

second test, dial gages were placed at the support pins, 

the reaction box, and the actuator head to examine the 

movement or slippage of the testing system after these 

modifications were made. During the second test, readings 
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from dial gages were recorded and the results indicated a 

great improvement in the control of the movement of the 

different parts of the testing frame. Also, further 

smaller modifications were made for the testing system 

before testing the last three specimens as discussed in 

Appendix E. 

H.2 Hysteresis Loop Modification 

Figures H.B to H.12 show the plot of the applied 

shear force from the actuator vs. the recorded movement of 

the support pins, the reaction box, and the actuator head 

relative to the steel beam movement from the dial gages 

during the second test. For convenience, the equations of 

each plot as a'function of the applied shear forces is 

indicated on each Fig. To correct the actuator 

displacements for the movement of the different parts of 

the testing frame, the following equation was used: 

H.2.l 

where, 

Dc(F) = corrected actuator displacement as function of 

the applied load 

DM(F) = measured actuator displacement as function of 

the applied shear forces 

Dl(F) = measured average movement of the three support 

pins as function of the applied load 
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Fig. H.II. Applied load vs. displacement of reaction box during the second 
test of specimen 2. 
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D2(F} = measured reaction box movement as function of 

the applied shear forces 

D3(F} = measured slippage between the actuator head and 

the movable steel beam as function of the 

applied load 

As an example of the application of this equation, 

the measured shear force from the actuator at 2 in. 

measured displacement from the actuator before correction 

is 56.07 kips. From Figures H.8 to H.12, the recorded 

movements in the support pins, the reaction box, and the 

actuator head which correspond to a force of 56.07 kips are 

0.19, 0.09, 0.055, 0.075, and 0.25 inches, respectively. 
f 

Therefore, the correct displacement corresponding to 40 

kips applied shear force is: 

0.19 + 0.09 + 0.055 
Dc (40} = 2.0 - [( ) + 0.075 + 0.25] 

3 

Dc (40} = 2.0 - 0.43 = 1.57" 

H.3 Strain Data Modification 

Table H.l shows the recorded strain values at the 

conclusion of the first test. These values were taken from 

the btrain gages attached to the longitudinal reinforcement 

of the beams and columns at the faces of the joints. The 

values from the rest of the strain gages were not listed in 

Table H.l because they did not contribute to the calculated 



Table H.l. Specimen 4~1 strain values at the 
conclusion of the first test 

Gage Location 

1 
2 
6 
7 
8 

10 
17 
18 
19 
20 
24-
25 
26 
28 
34 
35 
36 
37 
41 
42 

Recorded Strain x 106 

-187 
-268 

-55 
+189 

+74 
+336 
+336 
+400 
+414 
+160 
+236 
+453 

+93 
+378 
+441 
+190 

+39 
+720 

+74 
+116 
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moments discussed in Chapter 5. 
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These strain values 

indicated that when the actuator displacement returned to 

zero, the specimen did not come back to the initial test 

position which is in good agreement with the visual 

observation. 

Since the computer program used with the testing 

equipment to scan the strain data subtracts the initial 

reading values automatically, the strain values at the end 

of the first test were added to the recorded strain values 

during the second test when the flexural capacities of the 

beams and columns were evaluated (the initial strain values 

for the second test were the same strain values at the end 

of the first test as listed in Table H.l). This procedure 

was carried out to account for the compression strain in 

the column longitudinal bars as a result of applying the 

axial loads. The second test was also considered a 

continuation of the first one. 

During the process of moving the first specimen in 

order to fix the supports and return it to its original 

position, the residual strain values were changed from the 

recorded ones. There is no recorded data to show how much 

change took place during this process. Therefore, recorded 

strain values at the conclusion of the first test were used 

as close approximations to actual residual strain values 

before performing the second test. 
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