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ABSTRACT 

This paper describes an experimental investigation into the 

behavior of interior beam-column joints of a ductile moment­

resisting frame constructed of lightweight aggregate concrete. 

Emphasis is placed on the effects of bond deterioration in the 

joint region. Results of experiments carried out on two light­

weight RIC specimens are compared with similar experiments on 

specimens constructed of normal weight concrete. Comparison 

reveals a similar performance when the specimens are subjected to 

monotonically increasing lateral loads, but a considerably poorer 

performance of the lightweight specimens when subjected to cyclic 

loading similar to that which can be expected from severe seismic 

excitations. Recommendations are given for improving observed 

behavior and for further research. 
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1. INTRODUCTION 

1.1 General 

One of the guiding principles of earthquake-resistant design is 

to minimize the mass of the structure. For this reason the use of 

lightweight concrete in earthquake-resistant reinforced concrete (RIC) 

construction appears to have a good potential. Before this potential 

can be utilized, however, a better understanding of the behavior of 

lightweight concrete under simulated earthquake-like loading conditions 

is needed. 

Recent studies have shown that one of the weakest links in 

RIC moment-resisting frames under seismic loadings is deterioration of 

bond (anchorage) of the main beam bars in the beam-column joints (1-4). 

Since the performance of bond in general in lightweight concrete is 

poorer than in normal weight concrete, as is recognized by standard 

building codes 15-6] I the behavior of lightweight concrete structures 

under seismic loading becomes suspect. This combined with some poor 

performance of lightweight RIC structures during recent earthquakes, 

particularly during the 1971 San Fernando Earthquake 17] , creates a 

need to better understand the seismic behavior of lightweight concrete 

and to compare thi~ behavior with that of normal weight concrete. 

1.2 Objectives and Scope 

The behavior of the interior joint of a RIC ductile moment­

resisting frame can only be properly assessed by studying the performance 

of the main structural elements, the beams, column and joint region as 

a single interconnected entity which forms a subassemblage of the frame. 

In this study the seismic behavior of lightweight RIC beam-column 

subassernblages is evaluted experimentally and compared with similar 

previously-tested normal weight RIC subassemblages. The first objective 

was to obtain experimental information regarding the strength, stiff­

ness, deformation capacity (ductilityl and energy absorption and 

energy dissipation capacities of lightweight RiC beam-column sub­

assemblages under both monotonic and cyclic lateral loading. Thus 
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the behavior under cyclic loading, simulating seismic excitation, can 

be compared with that observed under monotonic loading, which is the 

basis of present design codes. The second objective was to conduct 

the experiments in a manner so the results could be compared with the 

previously-tested normal weight RIC subassemblages Il-43 • 

To achieve these objectives, two lightweight RIC subassemblages, 

specimens BC7 and BCS, were constructed and tested. In the tests, a 

-cyclically varying horizontal force was applied quasi-statically to 

the subassemblages, generating force-displacement hysteretic loops. 

In a pseudo-monotonic test on specimen BC7, a single large inelastic 

hysteretic loop was generated. The initial part of the loop provided 

information on the behavior of the subassemblage under monotonic loading. 

For the cyclic test, specimen BC8 was subjected to incrementally increasing 

cyclic loops until failure occurred. To aid the comparison of these 

specimens with the previously-tested normal weight subassemblages, 

specimens BC3 and BC4 Il-4] , the magnitude of the inelastic hysteretic 

loops at every stage in the tests was based on the ductility obtained 

at the similar stage in the previous tests. ,Ductility was used as 

a base of comparison rather than absolute displacement due to the 

lower stiffness (modulus of elasticity) of lightweight concrete. 

This report contains the details of the experiments on BC7 and 

BCS, presentation and discussion of the experimental results, a 

comparison with the experimental results of BC3 and BC4, and finally 

a discussion of the results obtained regarding earthquake resistant 

design of lightweight RIC ductile moment resisting frames. 
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II. TEST SPECIMENS 

2.1 Selection of Test Specimens 

The test specimens in BC3 and BC4 were one-half scale models of 

an interior third floor beam-column connection in a 20 story normal 

weight R/c ductile moment resisting frame (refer to Fig. 2.1) designed 

to meet the requirements of the 1970 Uniform Building Code for 

buildings in seismic zone 3, which was at the time the zone of highest 

seismic activity. In designing specimens BC7 and BC8, the design for 

BC3 and BC4 was checked against the 1976 Uniform Building Code 16] for 

buildings constructed of lightweight concrete in seismic zone 4, the 

new code's zone of highest seismic activity. The only significant 

change was a slightly closer column tie spacing in the joint region. 

Note that the design used for BC7 and BC8 does not represent an interior 

third floor beam-column connection for the same 20-story frame made of 

lightweight concrete, since the design forces would be less, leading to 

smaller member sizes. Instead, the test specimens for BC7 and BC8 were 

just lightweight concrete versions of the test specimens used for BC3 

and BC4, with the same member sizes and the same amount of main 

reinforcement. 

Under severe earthquake excitation, the gravity load makes only 

a small modification to the moment diagram in a lower story frame since 

the lateral load predominates as is shown in Fig. 2.2. As a result, 

the points of inflection can be assumed to occur at midspan of the 

beams and midheight of the columns. This leads to the cruciform shaped 

subassemblages which are hinge supported at all four ends (refer to 

Figs. 2.3 and 2.4). 

2.2 Description of Test Specimens 

The subassemblages, which were half-scale models, consisted of 

9 in. (229 rom) by 16 in. (406 rom) beams and a 17 in. (432 rom) square 

column as shown in Figs. 2.4 - 2.6. The overall length and height of 

the subassemblage was 12 ft. (3.66 m) and 6 ft., (1.83 m), respectively. 

All reinforcement was of Grade 60. 
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The main longitudinal reinforcement for the beams consisted 

of four #6 (19 rom diam.) reinforcing bars on the top and three #5 

(16 rom diam.) bars along the bottom (Fig. 2.5). Thus, the bottom 

steel area was about one half of that of the top, the minimum amount 

required by the ACI Code, making the negative moment capacity about 

twice as large as the positive moment capacity. Shear reinforcement 

consisted of #2 (6 rom diam.) closed stirrups with a center-to-center 

spacing of 3.5 in. (89 rom). In addition, #2 hairpin-shaped stirrups 

were used with the same 3.5 in (89 rom) spacing to provide lateral 

support to the inside longitudinal reinforcement. 

The longitudinal reinforcement for the columns consisted of 

twelve #6 bars (19 rom diam.) as shown in Fig.2.16. Column ties were 

used to provide transverse shear reinforcement and confinement to the 

column core. The ties were made with #2 (6 rom diam.) underformed bars 

and spaced at 1.6 in. (41 rom) along both the column and joint regions. 

This spacing required nine ties in the joint region, whereas only seven 

ties were used in BC2 and BC4. This is the only major difference in 

the design of the subassemblages. One column tie consisted of 3 over­

lapping rectangular hoops. The two inner rectangular hoops acted as 

supplementary cross-ties. 

2.3 Material Properties 

The lightweight concrete mix used was designed to have a 4,500 

psi (31 MPa) strength at 28 days in an attempt to duplicate the test 

strengths of BC3 and BC4. The mix design is listed in Table 2.1. The 

age and strength of each specimen at testing was 39 days and 4,615 psi 

(31.9 MPA) for BC7 and 28 days and 4,150 psi (28.6 MPa) for BC8. The 

concrete properties are summarized in Table 2.2. The stress-strain and 

strength-gain curves are shown in Figs. 2.7 and 2.8, respectively. 

All reinforcement used was of Grade 60. The stress-strain curves 

for the #2 (6 rom diam.), #5 (16 rom diam.), and #6 (19 rom diam.) bars 

are shown in Fig. 2.9, while the results of a cyclic test performed on 

a machined #5 (16 rom diam.) bar are displayed in Fig. 2.10. The yield 

stress for the #5 (16 rom diam.) bar is considerably different in the 

two figures. This is probably due to the machining process, which 
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relieved much of the residual stresses in the cyclic test specimen, 

leading to a higher initial yield stress. The fact that the two tests 

were performed on different types of testing machines may have also 

had some influence on the results. In the strain hardening range, the 

envelope of the cyclic test agrees well with the monotonic tension test, 

indicating that very little degradation in material properties occurred 

under cyclic loading. 

2.4 Fabrication of Test Specimens 

The reinforcement cage (Fig. 2.11) was constructed to 1/8 in. 

(3 rom) tolerance and tied securely with 16-gage wire. Short steel 

pins were silver-soldered to the longitudinal reinforcement. The pins 

were later used to support clip gages to measure average strains in 

the reinforcement. Styrofoam and plastic tubing were placed around each 

pin to provide a gap between the pin and the concrete, enabling the 

pins to move independently of the concrete. Micro-dot strain gages 

were also welded to the longitudinal reinforcement of the beam to 

provide additional strain measuring devices. 

Special end details for the beam and column were needed for mounting 

the beam shear transducers and column supports. These end details are 

shown in Figs. 2.12 and 2.13. The beam end detail consists of eight 

5/8 in. (16 rom) diameter threaded rods butt and lap welded to the 

seven longitudinal reinforcing bars. To provide space for the welds, 

the shear reinforcement in the region of the end detail consisted of 

closed stirrups made with #3 (10 rom diam.) bars without any hairpin 

stirrups. To assist the shear key on the end plate in transferring the 

shear force from the support into the beam, four 1 in. (25 rom) diameter 

threaded rods extended 6 in. (150 rom) into the beam from each end plate. 

The column end detail consisted of eight 5/8 in. diameter threaded rods 

which were lap spliced with eight longitudinal reinforcing bars. Threaded 

rod was used in all of the end details so that it could easily be 

bolted to the end plates. 

Once the reinforcement cage was completed, it was placed in an 

oiled wooden form. Plastic chairs were used to hold the cage in position. 

The form was levelled before casting. The concrete was cast in one day 
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using three lifts to prevent shrinkage cracks between the beams and 

column. A high-frequency vibrator was used to compact the concrete. 

After casting, wet burlap sacks and plastic covers were placed on the 

exposed concrete to aid curing. The forms were removed approximately 

one week before testing. Test cylinders were cured in closed metal 

cannisters. 
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III. EXPERIMENTAL TEST SET-UP AND INSTRUMENTATION 

3.1. Testing Frame and Specimen Supports 

The steel testing frame, available at the laboratory shown in 

Fig. 3.1, was used to support the subassemblages during the experiment. 

The subassemblage was supported by the frame at three points: both 

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

supported by rollers which allowed only rotation and horizontal trans­

lation. The top of the column was connected to the frame through a 

hinge which permitted rotation but-no translational movement. 

The main requirement which the testing frame had to fulfill was 

to remain nearly rigid throughout the testing. Theodolite measurements 

of the upper column hinge taken during the testing verified that this 

requirement had been met. 

3.2. Loading Apparatus 

A vertical force P and a horizontal force H were applied to the 

hinge support at the base of the column. The vertical force P simulates 

the column load at the third floor level of the 20 story prototype frame 

while the horizontal force H simulates the shear that would arise under 

seismic excitation. 

The horizontal force H was applied through a double-acting 

hydraulic jack. Since the jack could apply a force in two directions, 

full load reversals could be simulated. A 600 kip (2670 kN) compression 

jack was used to apply the vertical force P. This jack was mounted on 

a movable cart so it could remain vertical while translating horizontally. 

3.3. Instrumentation 

Since the subassemblages were placed in an east-west direction 

when tested, compass directions (W, E, etc.)· are used in the remainder 

of this report to describe and differentiate instrumentation, reactions, 

and deformations, for the two beams. 
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The instrumentation used can be subdivided into the following 

two categories: force and reaction measurements, and strain and de­

formation measurements. The instrumentation was denoted by the same 

names as in the previous tests for continuity. 

3.3.1. Load and Reaction Measurements 

Transducers were used to measure the applied vertical force P 

and the applied horizontal force H. Aluminum shear transducers of 

special design were used to measure the reactions, Vw and VE' at the 

be am supports. 

3.3.2. Strain and Deformation Measurements 

Strain in the beam reinforcement was directly measured with 

eight weldable micro-dot strain gages. Four of the gages (REI, REll, 

RWI and RWII) were placed on the hairpin stirrups. The location of 

the gages is shown in Fig. 3.2. 

Rotations and average strains within regions along the beams 

and column near the interior joint were determined from measurements 

made with twenty clip gages. The location of these gages is shown in 

Fig. 3.3a for BC7 and Fig. 3.3b for BCB. Sixteen of the gages span 

four regions along the beams, and these gages are denoted by beginning 

wi th the letter "c" or "K". The letter "c" indicates the clip gage was 

mounted on the previously mentioned steel pins which were silver­

soldered to the main longitudinal reinforcement (Fig. 3.4). The letter 

"K" indicates the clip gage was mounted on steel rods which were cast 

in the beam and span across its width. Thus the total rotations and 

average strains of the steel reinforcement can be compared with that of 

the concrete. By comparing Fig. 3.3a with Fig. 3.3b, it can be seen 

that the "K" clip gages on BC7 are offset horizontally from the "c" 

clip gages while both sets of clip gages are aligned on BCB. This 

change was made so interpretation of data would be facilitated. The 

four clip gages on the column are designated EU, EB, WU, and WB. They 

were mounted on steel pins silver-soldered to the main column reinforce­

ment. 
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Shear deformations were measured with eight diagonal gages along 

two regions on each of the beams. These gages are shown in Fig. 3.3a 

for BC7 and Fig. 3.3b for BC8 and are denoted by having "s" for a first 

letter. On BC7 all eight gages were clip gages, while on BCB the four 

gages nearest to the column were linear potentiometers. The gages near 

the column were connected to rods embedded in the column and in the 

beam. As a result, the shearing deformation across the interface cracks 

which developed between the beam and column could be measured. The 

gages further away from the column measured the shearing deformation in 

a region of high flexural-shear cracking. 

Slippage of the rebars (pull-out) in the joint region was 

measured with the use of four linear variable differential transformers 

(LVDT's), designated PEl, PEll, PWl, and PWll in Fig. 3.5a for BC7 and 

Fig. 3.5b for BC8. The LVDT's were attached to steel pins which were 

silver soldered to the main beam reinforcement at the intersection with 

the column faces. The LVDT's measured the relative displacement between 

the steel pins and the column face. Hith the information provided by the 

LVDT's, fixed-end rotations due to rebar slippage were also determined. 

The interface cracks between the beams and column were measured 

with four additional LVDT's, designated as FEl, FEll, FWl and ~~ll in 

Fig. 3.5a for BC7 and Fig. 3.5b for BCB. These LVDT's were connected 

to steel rods embedded horizontally across the width of the beam. 

This set of LVDT's also provided an alternative route to calculate the 

fixed-end rotation. 

The horizontal displacement of the lower column hinge, referred 

to as 8, was measured through the use of a 15 in. range linear potentio­

meter attached to the bottom hinge. Theodolite readings at certain 

stages during the testing were used to verify the accuracy of the linear 

poten ti orne te r • 

3.4. Recording Eguipment 

The data obtained by all the instrumentation was recorded on 

magnetic tape by a low-speed scanner data acquisition system. The 
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data from several gages and transducers were recorded continuously on 

XY and XYY' recorders. The data channels plotted on each recorder are 

listed in Table 3.1. 

3.5. Test Procedures 

After curing, each specimen was whitewashed. Grid lines were 

then drawn along each beam and the joint region to aid in detection and 

location of cracks during the testing. The specimen was then positioned 

.in the testing frame and the external instrumentation and recording 

equipment were then connected and calibrated to complete the preparation 

before testing. 

To begin the loading procedure, a 470 kip (2090 kN) vertical 

force was applied to the column. This value was maintained throughout 

the experiment. To simulate the negative moment at the interior joint 

due to gravity load, the beam supports were lowered by turning adjust­

~ent screws until a 3.5 kip (16 kN) downward reaction was measured at 

each support. 

The horizontal load was now applied to the base of the column. 

The load histories for BC7 and BC8 are shown in Figs. 3.6 and 3.7, 

respectively. These load histories were similar to the ones used for 

the previously-tested subassemblages to aid in comparison. The BC7 load 

history, modelled after BC4, consisted of four small displacement cycles, 

simulating service load conditions, followed by one large displacement 

cycle. The small displacement cycles were controlled by the magnitude 

of the applied horizontal force. The range of the large loop was 

governed by displacement or, more accurately, the ductility which BC4 

was Subjected to. Ductility as used here refers to the ratio of a 

given horizontal displacement to the horizontal displacement at the 

first yield of the beam reinforcement and is denoted by the symbol ~. 

In the test on specimen BC4, a ductility of 5.7 was reached during the 

large displacement cycle. However, only a ductility of 5.4 was achieved 

during the test on Be7. This was due to a small initial offset in the 

displacement at the beginning of the working load cycles which was not 

noticed until data were reduced. This difference in ductility is so 
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small that it should not effect the validity of any comparisons made 

between the two subassemblages. 

The BC8 load history consisted of incrementally increasing 

cycles patterned after BC3. In both of these experiments, each cycle 

was repeated once before moving to the next level. The cycles through 

LP 16 were controlled by the size of the applied horizontal force. The 

magnitude of the force was the same at each stage as in the previously-

tested specimen, BC3. Beginning with LP 17, the size of the cycles 

was based on the ductility attained at the corresponding stage in the 

BC3 experiment. Ductility as used here is the ratio of a given horizontal 

displacement to the horizontal displacement when yielding of the specimen 

occurred as it was being loaded to LP 17 and is designated by the symbol 

~. Yielding of the specimen occurs when the horizontal load capacity 
s 

begins to level off as the yield moment is exceeded in both beams at 

the column face. Two different definitions or symbols for ductility 

are used to aid in the comparison later in this report of the lightweight 

RIC subassemblages with the previously-tested normal weight RIC 

subassemblages. 
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IV. EXPERIMENTAL RESULTS AND DISCUSSION 

4.1. Overall Response 

The main behavior of the subassemblage is represented by the 

horizontal force vs. horizontal displacement curve of the lower hinge. 

Figure 2.3 shows the main forces and displacements involved in this 

experiment. If the summation of moments are taken about the top hinge 

with the subasseIDblage in a displaced configuration, then: 

(V - V ) L = Hh + Po 
Ttl E 

Dividing the above equation by h and noting that L 

equation results: 

(V - V ) = H = H + po/h 
W E EQ 

( 1) 

h, the following 

(2) 

The quantity (V
W 

- V
E

) represents the equivalent horizontal load 

capacity of the subassemblage, including the P o effect, and is 

denoted by H
EQ

• Thus, by summing the absolute values of the beam 

reactions, the equivalent horizontal load capacity of the subassemblages, 

H
EQ

, can be computed. HEQ is directly proportional to the flexural 

capacity of the beams when the Po effect is neglected. 

The measured quantity H includes the frictional forces of the 

four hinges supporting the subassemblage. Thus the measured H is greater 

than the actual horizontal load being resisted by the subassemblage. 

Solving equation (2) for H 

H = (V - V ) - Po/h w E 
( 3) 

an equation results in which all the parameters on the right hand side 

are known at any given time during the experiment. Thus the actual 

horizontal load being resisted by the subassemblage can be reduced from 

the equilibrium of forces and is denoted by H
RED

• 

Theodolite readings taken after the experiment on BC7 indicated 

that the jack applying the column force P was not quite vertical, thereby 
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inducing a small horizontal load at the lower hinge which was constant 

throughout the experiment. Therefore for Be7 the following equation 

applies in the calculation of HRED 

(4) 

In this equation HeOR is the constant horizontal load applied as a 

result of the column jack not being vertical. 

The H, HRED and HEQ vs. 0 graphs for Be7 and Be8 are shown in 

Figs. 4.1 - 4.4. 

4.1.1 Specimen Be7 

First yield of the beam reinforcement occurred at LP 23 at a 

displacement of 0.67 in. (17 rom). This corresponded to a ductility (~) 

equal to one. The subassemblage resisted a 37.3 kip (166 kN) load at 

first yield. As the displacement was increased further, the Hand HRED 

vs. 0 curves in Fig. 4.1 give the impression that the capacity of the 

subassemb1age was diminishing. However, in Fig. 4.2b, the HEQ vs. 0 

curve which includes the P - 0 effect shows that the equivalent lateral 

load capacity increased by 27% to 47.4 kips (211 kN) from LP 23 to 

LP 32 where the maximum displacement of 3.70 in. (44 rom, ~ = 5.4) was 

reached. At this displacement, 50% of HEQ was due to the P - 0 effect. 

The load was then reversed until at LP 49 a load of 48.0 kips (214 kN) 

was being resisted. Again, the same observation as above can be noted 

between LP 43 and LP 49. 

The area enclosed by the HEQ - 0 curve is a good indicator of 

the amount of energy dissipated by the subassemblage. A comparison of 

Fig. 4.2a with Fig. 4.2b reveals that under the lateral service load 

cycles, the behavior of the subassemblage is near-linear and does not 

dissipate much energy while under the large lateral displacement cycle, 

due to the inelastic deformation, the subassemblage dissipated a great 

deal of energy. 

The difference in the H - 0 and HRED - c curves in Fig. 4.1 is 

due to the frictional forces in the four pin supports. The frictional 

forces have a maximum value of 7 kips (31 kN). 
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4.1.2. Specimen BC8 

As mentioned previously, the loading history for BC8 (Fig. 3.7) 

was similar to the one used on the previously-tested specimen BC3. 

The early H - 8 cycles (Fig. 4.3a) were not symmetrical; the negative 

displacements were larger than the positive displacements. Consequently, 

the bottom reinforcement on the east beam yielded first at LP 10 

(Fig. 4.4a) at a displacement of -0.70 in. and a load of -35.5 kips 

(158 kN). At LP 13, at a displacement of 0.78 in. and a load of 34.5 

kips (153 kN), the top reinforcement of the east beam yielded, and the 

bottom reinforcement on the west beam was on the verge of yielding. 

This explains the noticeable drop in stiffness from LP 11 to LP 13 

in Fig. 4.3a and Fig. 4.4a. Until this point, almost no deterioration 

in stiffness was noted. 

Shown in Fig. 4.3b and Fig. 4.4b are the cycles whose maximum 

displacements were based on the ductility obtained on the corresponding 

cycles on specimen BC3. Yielding of the specimen occurred at LP 17A 

at a load of 35.1 kips (156 kN) and a displacement of 0.86 in. (22 mm) 

corresponding to a ductility of one (~S = 1). At LP 17 a displacement 

of 1.24 in. (31 mm, ~S = 1.45) was achieved while sustaining a load of 

37.0 kips (165 kN). The peak resistance of -40.3 kips (-179 kN) was 

obtained at LP 18 (~S = 1.75). A noticeable drop in stiffness occurred 

during the second cycle at this displacement as the slope of the curve 

leading to LP 19 decreased. Between LP 19 and LP 20 the hysteretic 

curve began to pinch, indicating diminishing energy dissipation. At 

LP 20, where a displacement of -1.51 in. (-38 mm, ~S = 1.75) was attained, 

the load was 5.2 kips (22 kN) or 13.1% less than at LP 18. This was the 

first significant drop in resistance from the first to second cycle at 

a given displacement. The capacity deteriorated even further as the 

subassemblage was loaded to LP 21. At the same displacement as LP 19 on 

the curve leading to LP 21, the resistance at LP 21 was 8 kips (36 kN) 

or 23% less than at LP 19. At LP 21, with a displacement of 2.19 in. 

(56 mm, ~S = 2.55), the load on the specimen was 32.2 kips (143 kN), 

14% less than at LP 17, indicating the resistance of the subassemblage 

had already attained its peak value. A significant drop in resistance 

can also be noted by comparing the curve leading to LP 22 with LP 20. 
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At the same displacement as LP 20 on the previous cycle, the load at 

LP 22 was 9 kips (40 kN) or 26% less than that at LP 20. At LP 22 where 

the displacement was -2.35 in. (-60 rom, ~S ; 2.7), the load was 29.2 

kips (130 kN), 28% less than at LP 18. On the next cycle at these 

displacements, the stiffness degradation becomes even more pronounced. 

The load at LP 23 was 19.8 kips (88 kN), 38% less than at LP 21, while 

the load at LP 24 was 16.7 kips (74 kN), 43% less than at LP 22. At 

this point the hysteretic loops had become very narrow, and the sub~ 

assemblage was dissipating very little energy. The next two cycles 

were at a displacement of +3.43 in. (87 rom, ~S = 4.0) and -3.60 in. 

(91 rom, ~S = 4.2). By the end of the second cycle, the capacity of the 

subassemblage was just a fraction of its peak values at LP 17 and LP 18. 

At LP 27 the load was 13.7 kips (61 kN), 37% of the value at LP 17, 

while at LP 28, the load was -19.4 kips (-86 kN), 48% of the value at 

LP 18. After LP 25, the HRED curve started to have opposite sign of the 

HEQ curve (Fig. 4.3b). This indicates that the capacity of the sub­

assemblage had diminished to the point where the horizontal load at the 

base of the column had to be applied in a direction to oppose the P - 0 

effect to maintain stability. 

The remaining 1-1/2 cycles in the loading history (Fig. 3.8) 

are not shown in the graphs. Since the subassemblage had already deteri­

orated very substantially, very little was to be learned from the 

remaining cycles. Although they were conducted, they are not shown since 

very few data records were taken. 

By comparing the Hand HRED curves in Fig. 4.3b, the frictional 

forces in the pin supports can be determined. The maximum force due to 

friction is 7 kips, similar to BC7. 

The following two general observations can be made concerning 

BC8 (Fig. 4.4b). First, the peak of H capacity of 40.3 kips (179 kN) 
EQ 

occurred at LP 18 at a displacement of only -1.51 in. (-38 rom). Secondly, 

between LP 19 and LP 20, and then between LP 20 and LP 21, the hysteretic 

loop began to pinch, indicating that the bond in the joint had deteri­

orated, and the reinforcement was beginning to slip through the joint. 

This explains the decreasing capacity on the remaining cycles. 
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4.1.3 Comparison of BC7 and BC8 

The first yield of the reinforcement in BC7 and BC8 occurred 

at virtually the same displacement, 0.67 in. (17 rom) vs. 0.70 in. 

(18 rom), and under similar loads, 37.3 kips (166 kN) vs. 35.5 kips 

(150 kN). The small difference in the loads was mainly due to the fact 

that the pre-yield cycles of BC8 (Fig. 4.4a) were larger than the 

working load cycles of BC7 (Fig. 4.2a), leading to some early degrada­

tion, and the concrete strength of BC7 was slightly greater than that 

of BC8, 4,615 psi (31.8 MPa) vs. 4,150 psi (28.6 MPa). 

The behavior of BC7 and BC8 was drastically different in the 

inelastic range (refer to Fig. 4.4c). The lateral load resistance of 

BC7 reached maximum values at the two extreme displacements while the 

peak value for BC8 occurred at a displacement of only 1.50 in. (38 rom). 

This is an indication that repeated cycles of full reversal deformations 

led to early bond deterioration, and premature decrease in overall 

lateral resistance capacity. In a test such as BC7 where the specimen 

undergoes only one large inelastic cycle, anchorage of the reinforcement 

at a joint is not a problem since at any given point the tension 

reinforcement in each beam is anchored in the uncracked concrete 

(since it is under compression) in the adjoining beam. However, in a 

test such as the one performed on BC8 where the specimen is subjected 

to repeated inelastic cycles, interface cracks develop between each 

beam and the column as the reinforcement yields at the face of the column. 

As the reinforcement is being pulled from one side of the joint and pushed 

from the other, bond deterioration begins to occur and, after several 

cycles, eventually this deterioration extends throughout the width 

of the joint. This leads to complete slippage of the reinforcement, 

causing the resistance of the subassemblage to decrease substantially. 

However, since the reinforcement is still anchored in the adjoining 

beam, the stiffness of the subassemblage begins to increase at large 

displacements once the interface crack between the adjoining beam and 

the column closes. This behavior was exhibited by specimen BC8 beginning 

with LP 23. 

The large difference in behavior by the two specimens shows that 
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the results from monotonic tests cannot be applied to predict the behavior 

under cyclic loading. The degradation of stiffness which occurs under 

cyclic loading demonstrates that the behavior of a subassemblage is 

dependent on its previous loading (or deformation) history. 

4.2 Energy Dissipation 

The ability to dissipate large amounts of energy is a very 

desirable characteristic in earthquake-resistant design. The area 

enclosed by the HEQ - 0 curves gives an indication of the amount of 

energy dissipated by each subassemblage. The areas of the large 

displacement cycle of BC7 and the post-yield cycles of BCB are shown in 

Table 4.1. 

The main observation that can be made is that in each cycle, 

specimen BCB dissipated very little energy compared to specimen BC7. 

Premature slippage of the reinforcement in BC8 led to substantial 

pinching of the curves which diminished the energy dissipation capacity 

of the specimen. The largest amount of energy dissipated in one cycle 

by BCB (which occurred at a low ductility on cycle 21-22) was only 26% 

of the value for BC7. From cycle 17-lB to cycle 19-20 which was between 

the Same peak ductility values, the amount of energy dissipated decreased 

2B%, indicating severe deterioration had already occurred. At cycle 

23-24 the amount of energy dissipated was 47% less than the quantity on 

the previous cycle, signifying more deterioration had taken place. The 

next cycle was at a comparable displacement to the large displacement 

cycle of BC7, yet the energy dissipated was only 22% of the amount for 

BE7. The total amount of energy dissipated by BCB was 319.7 k-in. 

(36.10 kN-m). Coincidentally, this compared closely to the 300.6 k-in 

(33.96 kN-m) of energy-dissipated by BC7. Yet the energy was dissipated 

over six inelastic cycles for BCB compared to only one cycle for BC7: 

this emphasizes the substantial deterioration which occurred in 

specimen BCB in the early inelastic cycles. 

4.3. Visual Behavior 

The visible damage experienced by each subassemblage was 

markedly different. Following is a brief description of the cracking 

and spalling which occurred in each specimen. 
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4.3.1 Specimen Be7 

As the reinforcement yielded at LP 23, flexural-shear cracks up 

to 9 in. (229 rom) in length appeared along the bottom of the west beam 

and the top of the east beam (Fig. 4.5). The main cracking occurred 

over 20 in. (508 rom) regions near the column. More cracks developed 

as the maximum displacement was reached at LP 32. As the specimen was 

loaded in the opposite direction, flexural-shear cracking was observed 

along the top of the west beam and the bottom of the east beam. An 

interface crack between the beam and column developed, creating a very 

small (1/16 - 1/8 in.) (1.5 - 3 rom) gap, while small areas of the column 

cover toward the beams began to bulge. At LP 46, a few diagonal hairline 

cracks, 10 - 15 in. (254 - 381 rom) in length, appeared on the column in 

the joint region (Fig. 4.6). At LP 49, just as the maximum negative 

dispalcement was reached, the concrete spalled along the top of the 

west beam and the west face of the column iromediately above the beam 

(Fig. 4.7). The cover of the beam spalled for a 6 in. (152 rom) length, 

exposing one reinforcing bar. The spall along the column was approxi­

mately 10 in. (254 rom) long and 6 in. (152 rom) wide. No reinforcement 

was exposed. As the cycle was completed, a 4 in. (102 rom) long spall 

along the bottom corner of the west beam occurred, exposing one reinforcing 

bar (Fig. 4.8). 

4.3.2 Specimen Be8 

The damage to specimen Be8 was distinguished by large, deep 

spalling along the beams and column and the development of wide inter­

face cracks between each beam and the column. Between LP 21 and LP 22, 

the first spall occurred on the face of the column beneth the west beam 

(Fig. 4.9 and 4.10). The spall, which was 9 in. (229 rom) high and 

spanned the width of the column, exposed three column ties. By LP 22, 

interface cracks with a maximum width of 1/4 in. (6 rom) had developed 

between the beams and column. As the specimen reached the peak dis­

placement at LP 26, spalling occurred along the lower column east 

beam junction (Fig. 4.11). The column cover spalled along a 10 in. 

(254 rom) high region across the width of the column, exposing three 

column ties. By LP 28, the spall extended along the bottom of the 

beam for about 4 in .. (102 rom), uncovering all the main reinforcement 

(Fig. 4.12). 
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As the test continued, the interface cracks grew, and more 

spalling occurred. When the test was complete, the top and bottom 

reinforcement on both beams was exposed for a distance of 5 in. (127 

rom) from the column (Fig. 4.13 and 4.14). Large spalls existed along 

the column above and below the west beam and below the east beam, each 

exposing column ties. The interface cracks enlarged until, near the 

end of the test, they reached a maximum width of approximately 1/2 in. 

(approx. 12.7 rom). 

The flexural-shear cracking along the beams was not nearly as 

extensive as that of BC7. As the bond in the joint region deteriorated, 

the moments transmitted to the beams became small, minimizing cracking 

and flexural deflections along the beam. The large overall slippage 

of the reinforcement led to the extensive spalling along the beam-column 

junction and to the large interface cracks. 

4.4 Slippage of Reinforcement and Fixed-End Rotation at Interior Joint 

Overall slippage of a reinforcing bar through an interior joint 

is indicated by large pullout and push-in measurements on opposite sides 

of the joint. If the pullout measurement is large, while the push-in 

measurement remains small, then the strain of the reinforcement is in 

the strain hardening range and good bond still exists in the joint. 

When complete (total) slippage does occur, the stiffness of the sub­

assemblage decreases, and the fixed-end rotation of the beam relative 

to the column increases. Due to the instrumentation used, the fixed­

end rotation can be based on the rotation whose measurement was based on 

the deformation of the reinforcement or of the concrete section as a 

whole. 

4.4.1 Specimen BC7 

The pullout and push-in of the reinforcement for BC7 is shown 

in Figs. 4.l5a and b. Before yielding at LP 23, the pullout and push-in 

of the reinforcement was small. At the maximum displacement at LP 32, 

the pullout increased to 0.14 in. (3.6 rom) for the top reinforcement 

on the east beam and 0.13 in. (3.3 rom) for the bottom reinforcement on 

the west beam, while the push-in remained small. As the load was 

reversed, and the displacement returned to zero at LP 43, both beams had 

residual pullout for both the top and bottom reinforcement, indicating 
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the beam bars had elongated, and an interface crack had developed. The 

amount of elongation for the east beam was greater, due to the asym­

metrical stiffness0f the beams, i.e., more reinforcement on top than 

along the bottom. At this stage of the cycle, since interface cracks 

existed through the whole beam section at each column face, the moment 

at each of the column faces was resisted solely by the top and bottom 

reinforcement. Since the bottom reinforcement was smaller in area, it 

was being subjected to higher stresses. 

As the specimen was loaded to LP 49, the top reinforcement on 

the east beam showed a positive pullout measurement, indicating that 

the interface crack did not close. At the same time, the bottom 

reinforcement was subjected to high stresses which were required to 

balance the large compressive forces being developed by the larger 

area of top reinforcement. The high stresses caused the bottom rein­

forcement to reach high strain levels leading to relatively large amounts 

of pUllout at LP 49. Meanwhile, on the west beam a different phenomenon 

was occurring. Because of the larger area of the top reinforcement, 

acting in tension, the bottom reinforcement had to be stressed to higher 

compressive than tensile stresses, causing the interface crack to 

close quickly. Consequently at LP 49 the bottom reinforcement had a 

small push-in reading while the top reinforcement had a pullout reading 

which was substantially less than the bottom reinforcement on the east 

beam. 

The maximum amount of pullout was 0.22 in. (5.6 rom) at LP 49 

along ~~e bottom reinforcement at the east side of the joint. The 

corresponding amount of push-in along the west side of the joint was 

less than 0.01 in. (0.25 rom). The small amount of push-in clearly 

indicates that overall slippage of the reinforcement had not occurred 

and that there was still good bond through the joint region. 

The fixed-end rotation at the face of the column is depicted 

in Figs. 4.16a and b. The moment plotted along the vertical axis 

is simply the product of the reaction at the beam support and its lever 

arm of 63.5 in. (1.61 m) to the face of the column. In general the 

rotations based on the measured deformation of the concrete of the beam 
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were larger than the rotations based on the reinforcement deformation. 

This is due to some slippage of the concrete in the beam relative to 

the reinforcement. Comparing Fig. 4.16a with Fig. 4.16b, the two 

curves based on the concrete deformations agree very closely at all 

load points. The two curves based on the reinforcement deformations 

are not as similar due to the asymmetric stiffness of the beams. 

Bulging of the column cover between LP 43 and LP 49 disrupted the 

measurements on the east beam • 

. 4 • 4 . 2 • Specimen BCS 

The pullout and push-in of the reinforcement for BCS are 

shown in Figs. 4.17a and b. At LP 20, the bottom reinforcement had a 

pullout of 0.14 in. (3.6 rom) on the east side of the joint and a push­

in of 0.07 in. (l.S rom) on the west side which indicates that the bottom 

bars had begun to slip through the joint region. This explains the 

pinching of the HEQ - 0 hysteretic curve between LP 19 and LP 20. 

At LP 22 the top reinforcement had a pullout of O.lS in. (4.6 rom) on 

the east side of the joint and a push-in of 0.12 in. (3.0 rom) on the 

west side, denoting large amounts of slippage of the reinforcement. 

Thus, slippage of both the top and bottom reinforcment had occurred at 

a horizontal displacement of only -2.35 in. (-60 rom, ~S = 2.7). It 

appears that the total slippage of the reinforcement through the joint 

was the main cause of the dramatic decrease in the lateral load capacity 

of the subassemblage after LP 22. 

4.4.3 Comparison of Specimens BC7 and BCS 

The maximum amount of push-in of 0.03 in. (0.76 rom) for BC7 

clearly indicates that total slippage of the reinforcement through 

the joint did not occur. For BCS push-in greater than 0.25 in. (6.4 rom) 

and pullout in excess of 0.40 in. (10 rom) signifies that the bond 

deteriorated throughout the joint leading to total slippage of the 

reinforcement. The total slippage resulted in a peak fixed-end rotation 

(.054 rad) which was more than twice as large as the peak rotation 

(0.22 rad) for BC7. 

4.5 Strain of the Longitudinal Reinforcement 

The strain of the beam longitudinal reinforcement was determined 
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by two methods. In one method, the strain was directly measured by 

micro-dot strain gages welded to the reinforcment at the intersection 

with the column face. The second method involved clip gages which 

measured deformations in the. reinforcement over a region adjacent to 

the column. The deformations were then divided by the 9 in. (229 mm) 

length of the region to determine the average strain. The second 

method provided an alternative way of determining an average strain 

after the strain gages broke. 

The strains of the reinforcement for BC7 are shown in Figs • 

. 4.19 and 4.20. As shown in the figures, the average strains were 

almost as large as the strains at the column face. This was probably 

due to the large amounts of diagonal tension cracking in the beams near 

the column. The bottom reinforcement maximum strain of 0.045 at LP 49 

corresponds to a stress of about 90 ksi (620 MFa) (refer to Fig. 2.9) 

while the peak strain for the top reinforcement of 0.029 at LP 49 

corresponds to a stress of about 83 ksi (572 MPa). 

The strain of the reinforcement for BC8 is shown in Figs. 4.21 

and 4.22. Two general observations can be made. The peak strains were 

much less than those of BC7 due to slippage of the reinforcement in the 

joint (~0.018 which corresponds to a stress of about 75 ksi). Also 

slippage of the bottom reinforcement occurred first. At LP 20, which 

was the end of the second cycle at a peak displacement of -1.51 in. 

(38 mm), the strains of the bottom reinforcement failed to match those 

of LP 18, indicating the bars had pulled through. Total slippage of 

the top reinforcement occurred by LP 22 since the strain on the west 

side of the column failed to increase over that of LP 20, even though 

the peak displacements of the cycle had been increased. 

As mentioned earlier, the bottom steel area was 50% of that at 

the top, the minimum amount required by the ACI Code, subjecting 

the bottom steel to higher amounts of stress for longer portions of each 

cycle when the moment at the face of the column was being resisted 

solely by the steel reinforcement. This led to the earlier total 

slippage of the bottom reinforcement in specimen BC8 and explains why 

the peak strains for the bottom reinforcement were larger than the 

top reinforcement for either specimen. 
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4.6 Effect of Shear 

4.6.1 Specimen BC7 

In specimen BC7 where the overall stiffness of the subassemblage 

remained high, large shear forces on the order of 3.5 1fT psi (.29 
c 

If' MPa) led to extensive flexural-shear cracking causing the shear 
c 

reinforcement to resist a substantial proportion of the load. The 

forces in the shear reinforcement became large enough· to yield two 

of the four instrumented stirrups (Fig. 4.23). Since each beam had 

a higher stiffness in the negative moment direction, the largest shear 

forces in the west beam occurred at LP 49 and in the east beam at LP 32. 

From Fig. 4.23, it can be seen that these were also the points of 

peak strain in the shear reinforcement in each beam. 

The shear strains in the two instrumented regions are shown 

in Fig. 4.24. The shear strains did not vary much between the first 

and second regions, substantiatiating that the interface crack remained 

small. Only at LP 49 where the interface crack attained its maximum 

width did the shear strain in the first region exceed that of the 

second region by a significant amount. The shear strain in the first 

region of the east beam at LP 49 was larger than in the west beam since 

the interface crack was wider due to the greater amount of pullout of 

the bottom reinforcement. 

4.6.2. Specimen BC8 

In specimen BC8 the shear behavior was dramatically different. 

The premature total slippage of the reinforcement in the joint region 

caused the peak shear forces to be about 15% lower than in BC7 and 

to occur at much lower displacements (LP 17 and LP 18), preventing the 

development of flexural-shear cracking over a very wide region of each 

beam and concentrating the shear deformation along the interface cracks. 

Consequently, the majority of the shear force along each beam was 

carried by the nearly-uncracked concrete section and the forces 

transmitted to the shear reinforcement were small, resulting in lower 

strains which were in the elastic range (Fig. 4.25). The peak strains 

occurred between LP 18 and LP 22, just before pull-through of the 

reinforcement was complete. 
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After slippage of the reinforcement occurred, the shear deforma-

tions acros's the interface crack (Fig. 4,26) became somewhat larger 

than in specimen BC7 since the width of the interface crack was much 

greater. As the interface crack developed, the shear force was resis­

ted solely by the dowel action of the reinforcing bars. In Fig. 4.26, 

the shear strain was several times larger in the negative direction 

than in the positive due to the larger negative shear forces which 

led to a deterioration in shear resistance in the la~er cycles. 

The shear deformations along the beam (Fig. 4.27) were much 

smaller than in specimen BC7. Since the flexural-shear cracking along 

the beam was not as pronounced or dispersed over as wide a region as 

in specimen BC7, much of the shear force was being resisted by the 

nearly uncracked concrete, minimizing shear deformations. 

4.7 Sources of Deformation Contributing to the Total 
Horizontal Displacement 

From the data obtained during the testing, the horizontal dis­

placement at the bottom hinge of the column was decomposed into compon­

ents due to flexure and shear in each beam, fixed-end rotations at the 

column faces, and the elastic deflection of the column. Following are 

definitions of each specific component: 

Flexural Deformations in Beam 

° - component due to rotation within first region adjacent to 
1 

column; based on information from Figs. 4.28 and 4.29. 

o - component due to rotation within second region from column; 
2 

based on information from Figs. 4.30 and 4. 3l. 

o - component due to flexural deformation of remainder of beam; 
3 

based on RIC beam theory. 

Shear Deformations in Beam 

0Sl - component due to shear strain within first region adjacent 

to column; based on information from Figs. 4.24 and 4.26. 

0S2 - component due to shear strain within second region from 

column; based on information from Figs. 4.24 and 4.27. 
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Fixed~End Rotation of Beam 

° - component due to fixed-end rotation at column tace due to FE 
pull-out and push-in of reinforcement; based on information 

from Figs. 4.16 and 4.18. 

Elastic Column Deflection 

0COL - component due to elastic flexural deflection of column; 

based on elastic theory. 

The shear deformations in the beam adjacent to the two instrumented 

regions were small and therefore neglected. The primary purpose of 

0Sl was to measure the contribution due to shear across the interface 

crack. The letter E or W is placed after each component to distinguish 

between the two beams. 

4.7.1 Specimen BC7 

The components of the horizontal displacement for the west and 

east beams are shown in Figs. 4.32 and 4.33, respectively. The numbers 

along the diagonal dash lines designate the load points (LP's). 

Figs. 4.32a and 4.33a describe the behavior of the subassemblages until 

just after tirst yielding of the reinforcement. Each of the remaining 

four parts of each figure portray the behavior of the subassemb1age for 

one-quarter of the cycle. 

The column was nearly-rigid and always contributed less than 

4% to the total deflection. At first yield of the reinforcement 

(LP 23) I the fixed-end rotation contributed 11% on the west beam and 

14% on the east beam. At LP 32 when the maximum displacement was 

reached, the contributlons had grown to 18% on the west beam and 23% 

on the east beam. As cracking occurred at the higher displacements, 

the proportion due to both shear components increased from 1.4% on the 

west beam and 2.4% on the east beam at LP 23 to 4.3% on the west beam 

and 6.0% on the east beam at LP 32. 0Sl however remained very small, 

indicating that the interface crack had not become very large. The 
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shear deformation was greater in the east beam since it was bending 

about the stiffer direction and therefore resisting a greater shear 

force. 

The behavior of the subassemblage as it was unloaded and returned 

to a nearly vertical position is shown in Figs. 4.32c and4.33c. The 

applied horizontal force and beam reactions reverse sign between 

LP 37 and LP 38 causing 03 and 0COL to make contributions to the 

displacement in the negative direction. (This is denoted on the graph 

as the lines cross-over between LP 37 and LP 38. Where criss-crossing 

of lines is confusing, slash marks are placed on one of the lines to 

indicate continuity.) The shear contribution reverses sign between 

LP 38 and LP 40. At LP 43 both beams were left with residual fixed-

end rotations. However, the residual fixed-end rotation for the east 

beam was larger since the bottom reinforcement was now in tension 

working against the stiffer top reinforcement, while the reverse was 

occurring on the west beam. This also led to residual flexural 

rotations in both regions of the west beam compared to only the 

second region of the east beam. 

By LP 44, shown in Figs. 4.32d and 4.33d, no residual rotations 

remained. From LB45 to LP 49, the contribution due to fixed-end 

rotation increased from 16% to 19% in the west beam and 13% to 24% in 

the east beam, while the total shear contribution decreased from 

13% to 8.5% in the west beam and 27% to 15% in the east beam. The 

contribution of the fixed-end rotation at LP 49 was larger in the 

east beam than in the west beam since its tension reinforcement, which 

was smaller in area, was strained to a higher degree. 

Comparing the two extreme displacements, LP 32 with LP 49, the 

contribution due to fixed-end rotation remained virtually the same: 

a change from 18% to 19% in the west beam and from 23% to 24% in the 

east beam. The total shear contribution increased from 4.3% to 8.5% 

in the west beam and from 6.0% to 15% in the east beam. 0Sl increased 

as the interface crack developed and 0S2 increased as the cracking within 

the beams became more extensive. 

The behavior during the last quarter cycle is depicted in Figs. 
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4.32e and 4.33e. At LP 55 the applied horizontal load and beam reactions 

reversed direction causing the contribution of 03 to switch sign. 

By LP 60, where the subassemblage was returned to a near-vertical 

position, the fixed-end rotation in the west beam had reversed direc­

tion, leaving only the flexural components 0lW and 02W with residual 

contributions in the negative displacement direction. However, at 

LP 60 the east beam had not only residual contributions from olE and 

02E but a residual fixed-end rotation due to the greater pull-out of 

its bottom reinforcement at LP 49. 

4.7.2 Specimen Be8 

The components of the horizontal displacement for the west and 

east beams are shown in Figs. 4.34 - 4.37. The load points correspond 

to the peak displacements on each cycle. The peak displacements in the 

positive direction are depicted in Fig. 4.34 for the west beam and Fig. 

4.36 for the east beam. Similarly the peak displacements in the 

negative direction for the west and east beams are displayed in 

Figs. 4.35 and 4.37 respectively. Two cycles were performed at each 

displacement level. To present the information clearly, the components 

of the displacement for the second cycle are plotted separately from 

those on the first cycle. The changes in each component as the 

experiment progressed can best be understood by observing the load 

points in numerical order. 

The most striking observation is the very large contribution 

of the fixed-end rotation early in the test. By LP 19 the contribu­

tion of the fixed-end rotation to the total displacement was 39% on 

the west beam and 29% on the east beam. At LP 20, the peak negative 

displacement on the same cycle, the contributions were 38% on the west 

beam and 48% on the east beam, indicating that total slippage of the 

reinforcement through the joint had begun to occur. The contribution 

of the fixed-end rotation continued to increase by substantial amounts 

through each of the remaining cycles. 
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4.7.3 Comparison of Specimen BC7 with Specimen BC8 

The beh~vior of BC8 w~s strikingly different th~n that of BC7. 

Slipp~ge of the reinforcement in the joint region in BC8 led to 

large fixed-end rotations. The total slippage began to occur at 

cyclic displacements of only 1.50 in. (38mm, Us :::; 1.8). The behavior 

of BC7 indicated that although some local slippage had occurred, no 

total slippage of the reinforcement occurred as the contribution of 

the fixed-end rot~tion remained relatively small throughout the testing. 

The behavior of both specimens indicates that analysis of Ric 
structures need to include the contribution of fixed-end rotations at 

the joint for both cyclic and monotonic loadings. Neglecting fixed­

end rotations leads to underestimation of the actual inelastic 

displ~cement. 

- 29 -





V. COMPARISON \VITH NORMAL-~'JEIGHT SPECIMENS 

The HEQ curves for BC7 and BC4 are shown in Fig. 5.1, while 

the similar curves for BC8 and BC3 are depicted'in Fig. 5.2. The 

horizontal axis in both graphs represent ductility. In Fig. 5.1, the 

ductility (~) was based on the displacement at the first yield of the 

reinforcement while in Fig. 5.2 the ductility (~s) was based on the 

displacement when yielding of the specimen occurred as it waS being 

loaded to LP 17. 

The material strength properties of all four specimens were in 

relatively close agreement. The concrete strengths for BC4 and BC7 

were 4570 psi (31.5 MPa) and 4615 psi (31.8 MPa), respectively and for 

BC3 and BC8, the concrete strengths were 4510 psi (31.1 MPa) and 4150 

psi (28.6MPa). The yield strength of the beam reinforcement was 71 ksi 

(489 MPa) for BC3 and BC4 while the yield strengths for the #5 and #6 

bars were 67 ksi (462 MPa) and 65 ksi (448 MPa), respectively for BC7 

and BC8. The minor variations in the material properties led to only 

small differences in the strength of each specimen, and, consequently 

the H curves can be compared directly. 
EQ 

5.1. specimens BC4 and BC7 

The strength of the two specimens 'vas very similar. At first 

yielding of the reinforcement, LP 23, the load was 2 kips (9 kN) larger 

for BC4. At the peak displacement at LP 32, the capacity of BC4 was 

49 kips, (218 kN), compared to 47 kips (209 kN) for BC7. The difference 

was partially due to the slightly smaller ductility which BC7 was 

subjected to. As the loading was reversed, the two curves crossed-over. 

As the maximum negative displacement was reached at LP 49; the capacity 

of BC7 exceeded that of BC4 by 2 kips (9 kN). 

The magnitude of the fixed-end rotation indicates the amount of 
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bond degradation in the joint. At LP 32, the contribution of the fixed­

end rotation to the total displacement was 18% in the west beam and 23% 

in the east beam of specimen BC 4, the same percentages as for specimen 

BC 7. At LP 49, the contributions for specimen BC4 were 18% in the west 

beam and 38% in the east beam. This compares with 19% in the west beam 

and 24% in the east beam of BC7. The greater contribution of the 

east beam of BC4 was due to the larger amount of pullout of the bottom 

reinforcemen t. 

Since the modulus of elasticity of normal weight concrete is 

substantially higher than that of lightweight concrete, the initial 

stiffness of BC4 was greater than that of BC7. BC4 had an initial 

stiffness of 132 kip/in. (23.1 kN/mm) which was 52% greater than the 

initial stiffness of 87 kip/in. (15.2 kN/mm) for BC7. This waS in 

close agreement with the relative moduli of elasticity of the two 

specimens; BC4 had a modulus of elasticity of 3.93 x 10 3 ksi (27.1 x 

103 MFa) which was 46% greater than the modulus of 2.69 x 103 ksi 

(18.6 x 103 MFa) for BC7. As cracking of the concrete and yielding 

of the steel occurred at higher displacements, the stiffness of the 

specimens became more dependent on the steel reinforcement. This led 

to the similar stiffness of the two specimens for the remainder of the 

cycle, as is shown in Fig. 5.1. 

The greater flexibility of the lightweight concrete led to a 

displacement at first yield of 0.67 in. (17 mm) for BC7 which was 

12% higher than the 0.60 in. (15 mm) displacement for BC4. This is 

important for designs in the inelastic range since for the same 

ductility lightweight concrete structures will have about 12% higher 

story drift, leading to more non-structural damage and higher P - 0 

forces. 

Overall the behavior of the specimens were very similar. From 

the comparison, the main conclusion that can be drawn is that in a 

monotonic ~est, where degradation of the bond in the joint region does 

not occur, the performance of lightweight concrete is analogous to that 

of normal-weight concrete with regard to strength and fixed-end 

rotations. 
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5.2. Specimens· BC3 and BC8 

The performance of the two specimens as shown in Fig. 5.2 was 

dramatically different. Specimen BC3 reached a peak strength at LP 25 

(~S = 3.9) in the positive displacement direction and at LP 26 (~S = 

4.2) in the negative displacement direction. The strength of specimen 

Be8 peaked much sooner: at LP 17 (~s = 1.45) and LP 18 (~s = 1.75). 

At LP 22 (~S = 2.7) the capacity of Be8 was already only 70% of that 

of BC3. This difference in behavior was due to the premature slippage 

of the reinforcement in specimen BC8. 

The fixed-end rotation contributed less than 35% to the total 

deflection through LP 24 for BC3. By LP 24 (~S = 2.7) on specimen 

BC8, over 75% of the total deflection was due to fixed-end rotation at 

the face of the column, indicating slippage of the reinforcement had 

occurred. Pull-through of the bars did not develop in BC3 until LP 29 

(~s = 5.4) when over 50% of the total deflection was due to fixed-end 

rotation. Clearly this strikingly different behavior under cyclic 

loading indicates that the bond of the reinforcement within the joint 

deteriorates earlier and at lower ductilities in lightweight concrete. 
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VI. BEHAVIOR OF SPECH1EN BC7 AS PREDICTED BY PRESENT RIC THEORY 

Basic RIC beam theory was used to calculate several strength 

and stiffness properties of specimen BC7. The calculated properties 

were then compared with the measured ones to check the applicability of 

the theory for lightweight RiC structures. 

The measured and calculated propert.ies are shown in Tables 6.1 

and 6.2.. The necessary calculations are given in Appendix A. The 

measured flexural stiffnesses were obtained from Figs. 6.1 and 6.2. 

The calculated yield moments and loads were determined from simple RIC 

beam theory while the moments and loads at the maximum displacement, 

LP 32, were based on theory of confined concrete [9}. The measured 

tension steel strain at LP 32 was taken as known and the resulting 

moment and load to produce that strain were then determined. The 

curvatures at the face of the column were calculated from the strain 

distribution in the concrete section. The flexural stiffnesses were 

based on the cracked and uncracked transformed sections. The overall 

initial stiffness of the subassemblage was determined by the flexural 

stiffnesses EI of each beam. In Table 6.2, the moment-area method was 

used to calculate the flexural deflections at yield while curvatures 

were used to determine the deflections in the inelastic range. 

The results obtained, the conventional theory was found to be 

very good for determining moment capacities, and flexural stiffnesses 

of sections. While the calculated curvatures were rather close numer­

ically to the measured curvatures, it must be remembered that the 

measured values are average curvatures over a 9 in. (229mm.) region. 

As a result, the calculated curvatures are to be expected to be higher 

than the measured curvatures. The reason that they were not is probably 

due to diagonal tension cracks which developed at yielding in the 

region of the beams near the column. 

In Table 6.2 the calculated flexural components to the total 
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horizonta.l di::>,pla.cement were slightly less than the mea.sured at first 

yield of the reinforcement. At the maximum deflection a.t LP 32, the 

flexural components were calculated two wa.ys: first assuming a linear 

distribution of curva.ture over the length of the inelastic region and, 

second, assuming that the maximum calculated curvature at the face of 

the column was the avera.ge over the theoretical inelastic region (see 

Appendix A). The second method gave much better results, probably 

since it compensates for a.dditional curvature due to diagonal tension 

cracks. 

Overall the present RIC beam theory was very good for predicting 

strength a.nd the cracked and uncracked flexural stiffnesses, and fair 

for predicting elastic and inelastic flexural deformations. Present 

theory however does not account for fixed-end rotations which reduce 

the overall stiffness of the subassemblage substantially in the 

inelastic ra.nge. 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

As a result of this study, the following conclusions can be made 

regarding the behavior of reinforced lightweight concrete beam-column 

subassemblages. These conclusions are of a preliminary nature and 

are only valid for the two specimens tested. 

1. Basic reinforced concrete theory can predict the strength 

and the cracked and uncracked flexural stiffness under 

monotonic loading with good accuracy. Even though flexural 

deformations are predicted with only fair accuracy, the 

basic theory does not include fixed-end rotations at the 

joint which make significant contributions to the total 

displacement even under monotonic loading. 

2. Under monotonic loading, a ductility (~) in excess of 5 

can be achieved without observing total slippage of the 

reinforcement through the joint region and without a 

significant decrease in lateral resistance. The behavior 

of lightweight and normal weight specimens was very 

similar with regard to strength and fixed-end rotations 

up to a ductility of 5. However, for the same ductility, 

structures of lightweight concrete will have total dis­

placements and story drifts which are about 12% greater 

than that of normal weight structures. 

3. Under incrementally increasing cyclic loading, the behavior 

of the subassemblage was drastically different from that 

observed under monotonic loading. This was due to premature 

total slippage of the reinforcement through the joint 

region causing a substantial drop in stiffness and lateral 

resistance at a ductility (~S) as low as .2.5. As a result 
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the performance of lightweight concrete specimens is not 

as favorable as that of normal weight concrete since total 

slippage of the reinforcement did not occur until a 

ductility (~S) of 4.2 was exceeded in the normal weight 

concrete specimen. 

4. If the beams do not have the same amount of reinforcement 

along the top and bottom, then the reinforcement which is 

smaller in area will be subjected to higher levels of strain 

leading to earlier bond deterioration. 

7.2. Recommendations 

From the conclusions, the following recommendations are made 

regarding earthquake resistant design of reinforced concrete ductile 

moment-resisting frames made with lightweight aggregate similar to 

that used in this investigation: 

1. Designs using present code provisions should account for 

substantial decreases in stiffness and lateral load 

carrying capacity at lower ductilities than that of normal 

weight concrete structures. 

2. Designs should account for lower initial stiffness, greater 

story drift, and consequently higher P - 0 moments than 

that of normal weight concrete. 

To handle the problem of bond deterioration in the joint, the 

following solutions and recommendations for future research are presented: 

1. Studies are needed to determine the mechanism of bond 

deterioration in lightweight concrete. 

2. The problem of bond deterioration can be minimized by 

preventing yielding of the reinforcement at the beam-column 

interface by moving the regions of inelastic action away 

from the joint. This can be done through the use of haunched 

beams or by bending and crossing the beam reinforcing bars a 

short distance from the joint. Some research has already been 
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conducted in the latter area (10). 

3. Anchorage of the reinforcement can be improved by 

mechanical devices or better detailing practices. 

4. Subassemblages with floor slabs need to be experimentally 

tested. 

5. Analysis programs need to be developed, based on a stiffness 

degradation model, which include fixed-end rotations at 

the joint. 

- 39 -





REFERENCES 

1. Bertero, V. V., and popov, E. P., "Seismic Behavior of Ductile 
Moment.-Res;i:::;ti,ng Reinforced Concrete Frames," Reinforced Concrete 
Structures in Seismic Zones, Publication SP-53, American Concrete 
Institute, Detroit, 1977. 

2. povov, E. P., Bertero, V. V., Galunic, B., and Lantoff, G., "On 
Sismic Design of RIC Interior Joints of Frames, ,. Proceedings of 
the sixth World Conference on Earthquake Engineering, New Delhi, 
India, January, 1977, pp. 5.191-5.196. 

3. Viwathanatepa, S., "Hysteretic Behavior of Reinforced Concrete 
Beam-Column Subassemblages," Ph.D. Thesis, Department of Civil 

Engineering, University of California, Berkeley, Dec. 1978. 

4. Soleimani, D., "Reinforced Concrete Ductile Frames under Earthquake 
Loadings with Stiffness Degradation," ph.D. Thesis, Department of 

Civil Engineering, University of California, Berkeley, Dec. 1978. 

5. ACI Standard Building Code Requirements for Reinforced Concrete 
CACI 318-71), American Concrete Institute, Detroit, Michigan, 1971. 

6. International Conference of Building Officials, "Uniform Building 
Code," 1976 Edition, Vol. I, Washington, D. C., 1973. 

7. U. S. Department of Commerce, National Oceanic and Atmospheric 
Administration, "San Fernando, California, Earthquake of February 9, 
1971," Vol. I, Washington, D. C., 1973. 

8. Bertero I V. V., and Popov, E. P., "Hysteretic Behavior of Ductile 
Moment-Resisting Reinforced Concrete Frame Components," Report No. 
EERC 75-16, University of California, Berkeley, April, 1975. 

9. Park, R. , and Paulay, T., Reinforced Concrete Structures, John 
Wiley & Sons, Inc., 1975. 

10. Galunic, B., Bertero I V. V., and Popov, E. P., "An Approach for 
Improving Seismic-Resistant Behavior of Reinforced Concrete 
Interior Joints," Report No. UCB/EERC-77/30, Earthquake Engineering 
Research Center, University of California, Berkeley. 1977. 

11. Bertero, V. V., Bresler, B., Selna, L. G., Chopra, A. K., and 
Koretsky, A. V., "Design Implications of Damage Observed in the 
Olive View Medical Center Buildings," Proceedings of the Fifth 
WOrld Conference on Earthquake Engineering, Rome, 1973. 

12. Brelser lB., Bertero, V. V., "Olive View Medical Center Materials 
Study--Phase 1," Report No. EERC 73-19, Earthquake Engineering 
Research Center, University of California, Berkeley, December, 1973. 

Preceding page blank - 41 -
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TABLE 2.1 

MATERIAL 

CEMENT 

SAND 

AGGREGATE 

WATER 

TOTAL 

WATER 

LIGHTWEIGHT CONCRETE MIX 

(FOR 1 CU. YD. OF CONCRETE) 

BRAND 

1 & 2 

OLYMPIA 1.5 

PORT COSTA 5/8" EXP. SHALE 
FORMULA 43 V-7 

-

WEIGHT OR 
VOLUME 

528.3 Ib 

1473.1 Ib 

806.3 Ib 

295.7 Ib 

3103.4 Ib 

REDUCING POZZOLITH 300N 434.8 mQ, 
AGENT 

AIR 
ENTRAINING MBAE - 10 32.6 roQ, 
AGENT 

WATER/CEMENT 0.56 (BY WEIGHT) 

TABLE 2.2 CONCRETE MECHANICAL CHARACTERISTICS 

SPECIMEN AGE COMPRESSIVE MODULUS OF MODULUS OF DRY UNIT 
(DAYS) STRENGTH ELASTICITY RUPTURE WEIGHT 

F' (psi) E (psi) f
t 

(psi) (pcf) 
c c 

BC7 39 f615 2.69xl0 6 248 117 

BC8 28 4150 2.44xl0 
6 

286 117 

Preceding page blank - 45 -

AIR 
(%) 

4.5-5.0 

4.5-6.0 



TABLE 3.1 DATA PLOTTED BY RECORDERS 

RECORDER 
yl NO. TYPE X-AXIS Y-AXIS -AXIS 

1 Xyyl 0 H H (=V -v ) 
EQ W E 

2 Xyyl H Vw V 
E 

3 Xy RWll V -W 

4 Xy REll V -
E 

5 xyyl V (FWll-FW1) (PWll-PW1) 
W 

6 Xyyl V
E 

(FEll-FE1) (PEll-PEl) 
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TABLE 4.1 ENERGY DISSIPATION PER CYCLE 

TOP BOTTOM TOP BOTTOM TOP BOTTOM 

11S / 11S H
EO 

/ H
EO 

AREA AREA TOTAL AREA 

kips/kips 
kip-In kip-In kip-In 

SPECIMEN CYCLE (kN/kN) (kN-m) (kN-m) (kN-m) 

* * BC7 32-49 4.3 /4.1 47.3/48.0 121. 7 178.9 300.6 
(210/214) (13.75) (20.21) (33.96) 

BC8 17-18 1.45/1. 75 37.0/40.3 18.1 34.9 53.0 
(165/179) {2.05} (3.94) (5.99) 

19-20 1. 45/1. 75 35.0/35.1 20.1 18.2 38.3 
(156/156) (2.27) (2.06) (4.33) 

21-22 2.55/2.7 32.2/29.5 40.0 39.4 79.4 
(143/131) (4.52 ) (4.45 ) (8.97) 

23-24 2.55/2.7 19.8/19.8 19.1 15.0 34.1 
( 88/88 ) (2.16) (1. 69) (3.85 ) 

25-26 4.0/4.2 23.4/24.3 30.7 34.6 65.3 
(104/108) (3.47) (3.91) (7.38) 

27-28 4.0/4.2 17.3/19.4 24.6 25.0 49.6 
( 77/86 ) (2. 78) (2.82 ) (5.60) 

* DETERMINED BY CONVERSION (~S 0.78~) 
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TABLE 6.1 MEASURED AND CALCULATED MECHANICAL CHARACTERISTICS 
OF MEMBERS 

PROPERTY MEASURED CALCULATED 

~ kip-in (kN-m) 928 (104.8) 821 (92.6) 
y 

-
M kip-in (kN-m) 1552 (175.3) 1439 (162.5) 

y 

H kips (kN) 39.0 (173) 35.6 (158) 
EQv 
+ 

M 32 kip-in (kN-m) 1131 (127.8) 1063 (120.1) 

M 32 kip-in (kN-m) 1877 (212.1) 1791 (202.3) 

HEQ 32 kips (kN) 47.3 (210) 44.9 (200) 

ct'+ Radians 2.18 -4 * 2.09 x 10-4 x 10 
y 

'---

¢~ Radians 2.17 x 10 -4 * 2.43 x 10-4 

+ 
-3 * ¢32 Radians 3.08 x 10 2.95 x 10- 3 

-
¢;2 Radians 2.54 x 10-3 

2.47 x 10-3 

ksi (MPa) 
2.69 x 10 3 2.84 x 10-' 

E 
(18.6 x 103 ) 19.6 x 103 e 

E I + kip-in2 9.63 x 106 1.09 x 107 
e uner (kN-m2 ) (27.;6 x 103 ) (314 x 103 

E I - kip-in2 1.08 x 107 1.09 x 107 

e nner (kN-m2 ) (31. 0 x 103 ) (31. 4 x 103) 

E I + kip-in2 3.36 x 106 3.73 x 106 

e er (kN-m2 ) !(9 64 x 103 ) no "] x 103 ) 

E I - kip-in2 4.85 x 106 5.51 x 106 

e ("y (kN-m2 ) I n3 • ..9......xJQ.3) (15.8 x 103J 
K (= ~) kip/in 
initial S (kN/mm) 87 (15.2) 95 (16.6) 

* AVERAGE CURVATURE IN 9 in. (229 mm) REGION 

ADJACENT TO COLUMN 

NOTE: (+) - POSITIVE MOMENT DIRECTION 

(-) - NEGATIVE MOMENT DIREcrION 

ALL MOMENTS ARE AT FACE OF COLUMN 
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TABLE 6.2 BEAM DEFLECTIONS 

COMPONENT DUE TO FLEXURE TOTAL 

MEASURED CALCULATED DEFLECTION 

IN (rom) IN (rom) IN (rom) 

S+ 0.41 (10.4) 0.38 (9.7) 0.67 (17.0) 
Y 

-
S 0.48 (12.2) 0.33 (8.4) 0.86 (21.9) 

y 

+ 1.42 (36.1) 
S32 2.55 (64.8) 2.28 (57.9)* 3.70 (94.0) 

- 1.19 (30. 3) 
S32 2.26 (57.4) 2.06 (52.3) 3.70 (94.0) 

* ASSUMING ¢ AT COLUMN FACE IS AVERAGE OVER THEORETICAL 

LENGTH OF INELASTIC REGION 

NOTE: (+) POSITIVE MOMENT DIRECTION 

(-) - NEGATIVE MOMENT DIRECTION 
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__ L = 7211 (1.83 m) -1- L = 72" (I.83m) 

pi' 
o' . ~ 

_~ _____ ---'-~~ ._"""~. . . h+/2 = 36"(0.91 m) 

1':;:;:::::';::::"'~'-''7'" '"""'" .• v:-•. 7.l-":::"'~ ~ • ~.~ ••. <t.: ..... - "~.'" ::tf. 
t ' --..... ..:.a.."..6J! ... ~.~:.:..:..=- - ••• tJ 

IIJI" ~\~ I11IfT 

f ~l V
E 
t h/2 = 36"( O. 91m ) 

Vw ~ 

~p • H ! 

- 8 J-
FIG. 2.3 DEFINITION OF FORCES AND DISPLACEMENTS FOR A SUBASSEMBLAGE 

B B 

ALUMINUM TRANSDUCER 

A 

A E~ 
- .1: 
(]lID on 

STEEL HINGE ----~?H_- ----------l--' 

1.83m 1.83m 
(72in) (72in) 

FIG. 2.4:TEST SPECIMEN 

4"G BARS TOP 
3-5 BARS BOTTOM 

"2 STIRRUPS (BOTH 
TVPES)AT 3.5"O.C. 
(89mm O.C') 

BEAM SECTION A- A 

12"6 MAIN BARS 
"2 TIES'Ii ATl.6"O.C. 
(4lmm O.CJ 

COLUMN SECTION B-B 

FIG. 2.5 BEAH SECTION A-A FIG. 2.6 COLUMN SECTION B-B 
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fc (PSI) 
fC=4615PSI 

fc (PSI) 

4000 

2000 

1000 

.001 .002 .003 7 14 21 28 35 ~ 

E(in/in) K£(DAYS) 

FIG. 2.7 CONCRETE STRESS -
STRAIN DIAGRAMS 

FIG. 2.8 CONCRETE STRENGTH 
GAIN DIAGRAMS 

fs(PSIl 

20 

O~~~~~~~~~ __ ~~~ __ ~ __ ~ __ ~ 
m ~ ~ ~ ~ ~ ~ ~ .~ 

E(in/in) 

FIG. 2.9 REINFORCEMENT STRESS-STRAIN DIAGRru1 

fs (ksi) 

FIG. 2.10 CYCLIC STRESS-STRAIN DIAGRAM FOR 
MACHINED SPECIMEN FROM #5 BAR 
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FI G. 2. 11 ~'illINFORCEMENT 

~y,,:, 

, '" 

\ ~" 
~ 

:'''; 

FIG. 2.12 BEAM AND DETAIL 

FIG. 2.13 COLUMN AND DETAIL 
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COLUMN 

HEI, 
HE2, 
HW~ 
HW<: 

REII,RWII 

FIG. 3.2 LOCATIONS OF STRAIN GAGES 

TYPICAL STEEL PIN ~I 
SUPPORT FOR GAGES 

EXTENDS FROM WU 
CONCRETE SlRFACES 

STEEL PINS EMBEDDED IN 
COLUMN 2" FROM BEAM 

{ CORNER REINFORCEMENT 

{ BOTTOM 
REINFORCEMENT 

FIG. 3.3(03.) INSTRUMENTATION ON SOUTH FACE OF BC7 

FIG. 3.3(b) INSTRUMENTATION ON SOUTH FACE OF BC8 
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PIN SOLDERED m REINFORCEMENT 

ROD EMBEDDED IN CONCRETE 
SOUTH FACE 

FIG. 3.4 SUPPORTS FOR EXTERNAL INSTRU­
MENTATION 

t TOP REINFORCEMENT 

t BOTTOM REINFORCEMENT 

PWII 
INDENTATION IN COLUMN 

FIG. 3.5(a) INSTRUMENTATION ON NORTH FACE OF BC7 

FIG. 3.5(b) INSTRUMENTATION ON NORTH FACE OF BC8 
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HORIZONTAL DISPLACEMENTS (IN) 

32 
4 

"'- LOAD POINT 

3 

2 

62 

o ~~~~~--~----1-----------­
CYCLES 

-I 

-2 

-3 

-4 
49 

FIG. 3.6 LOAD HISTORY OF BC7 

HORIZONTAL DISPLACEMENT S (IN) 

6 

5 

4 
25 27 

23 
2 

0 
CYCLES 

-I 

-2 
22 24 

-3 

-4 26 28 

-5 

-6 
FIG. 3.7 LOAD HISTORY OF BC8 
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4 COMPONENTS OF HORIZONTAL DISPLACEMENT, II 

(IN) 

H 

32 

3 

43 

2 

O~4~=-==~3~--~~2~~~~~~~~O 
(IN) 

HORIZONTAL DISPLACEMENT, II 

FIG. 4.32(c) COMPONENTS OF HORIZON-
TAL DISPLACEMENT <5 -- BC7 WEST 

-4 
(IN) 

HORIZONTAL DISPLACEMENT, 8 
-4 IN) 

ERROR /52 

1 51 

/ 

/49 
I 

-3 -2 

H 

COMPONENTS OF 
HORIZONTAL DISPLACEMENT, 8 

FIG. 4.32(e) COMPONENTS OF HORIZONTAL 
DISPLACEMENT <5 - BC7 WEST 

43 

'\ , 

-4 

HORIZONTAL DISPLACEMENT, II 
-I -2 -3 

H 

48' 

COMPONENTS OF 

HORIZONTAL DISPLACEMENT, II 

'\ , 

ON) -4 

s,w 

l
S3W 

ERROR 

49" 
\ 

" FIG. 4.23(d) COMPONENTS OF HORIZONTAL 
DISPLACEMENT <5 - BC7 WEST 

COMPONENTS OF 
(IN) HORIZONTAL DISPLACEMENT, S 

.80 

.70 
., (}oLeJ) / 

-+----+----+-0 ~I 

/ 

.40 

.20 .40 .60 

/ 

/ 
/ 

/ 
ERROR 

.80 1.0 ON) 

FIG. 4.33(a) COMPONENTS OF HORIZONTAL 
DISPLACEMENT <5 - BC7 WEST 
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4 COMPONENTS OF 

ON) 
HORIZONTAL DISPLACEMENT, 8 

ERROR 

83E 

3 

82E 

2 

8lE 

8eOl 
o I 2 3 (IN) 4 

-I 

-2 

(IN) 

-4 

HORIZONTAL DISPLACEMENT, 8 
FIG. 4.33(b) COMPONENTS OF 
HORIZONTAL DISPLACEMENT 0 -­
BC7 WEST 

HORIZONTAL DISPLACEMENT, 8 
-2 -3 (IN) 

H 

COMPONENTS OF 
HORIZONTAL DISPLACEMENT, 8 

83E 
ERROR 

'\ 
'\ 

'\ 
FIG. 4.33 (d) COMPONENTS OF HORIZON-
TAL DISPLACEMENT 0 -- BC7 WEST 

4 COMPONENTS OF 
HORIZONTAL DISPLACEMENT, 8 

H 

32 

8 

43 

2 

8'E 

HORIZONTAL DISPLACEMENT, 8 
-0.5 

FIG. 4.33 (c) COI1PONENTS OF HORIZON­
TAL DISPLACEMENT 0 -- BC7 WEST 

HORIZONTAL DISPLACEMENT, 8 
(IN) -3 -2 

/49 

(IN) / 

-4 

H 

COMPONENTS OF 

HORIZONTAL DISPLACEMENT, 8 

FIG. 4.33(e) COMPONENTS OF HORIZONTAL 
DISPLACEMENT 0 -- BC7 WEST 

- 77 -



4 
(IN) 

3 

2 

COMPONENTS OF HORIZONTAL DISPLACEMENT, 8 

/ 
21/ 

/ 
/ 

/ 
/ 

/ 
/ 

17/ 

/ 
/ 

/ 

/ 
/ 

/ 

/ 

8FE 

8c 

3 (IN) 4 

MAXIMUM POSITIVE HORIZONTAL DISPLACEMENT 8 ON FIRST CYCLE 

FIG. 4.34(a} COMPONENTS OF HORIZON­
TAL DISPLACEMENT 0 -- BC8 WEST 
FIRST CYCLE 

MAXIMUM NEGATIVE HORIZONTAL DISPLACEMENT 8 ON FIRST CYCLE 
o -I -2 -3 (IN) -4 

COL 

-I 

-2 

-3 

26\ 

-4 

COMPONENTS OF 
HORIZONTAL DISPLACEMENT, 8 (IN) '\ 

'\ 

FIG. 4.35 (a) MAXIMUM NEGATIVE 
HORIZONTAL DISPLACEMENT 0 -- BC8 
WEST -- FIRST CYCLE 

4 
(IN) 

3 

2 

COMPONENTS OF HORIZONTAL DISPLACEMENT, 8 

27: 

/ 
/ 

/ 

8FE 

o I 2 3 , (IN) 4 
MAXIMUM POSITIVE HORIZONTAL DISPLACEMENT 8 ON SECOND CYCLE 

FIG. 4.34(b) COMPONENTS OF HORIZOUTAL 
DISPLACEMENT 0 -- BC8 WEST -- SECOND 
CYCLE 

MAXIMUM NEGATIVE HORIZONTAL DISPLACEMENT ON SECOND CYCLE 
o -I -2 -3 -4 (IN) 

-/ 

-2 

-3 

-4 

24\ 
'\ 

COMPONENTS OF 
HORIZONTAL DISPLACEMENT, 8 (IN) 

'\ 
'\ 

'\ 
'\ 

'\ 
\ 
'\ 

'\ 

FIG. 4.35(b) MAXIMUM NEGATIVE HORIZONTAL 
DISPLACEMENT 0 -- BC8 WEST - SECOND 
CYCLE 
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4 COMPONENTS OF / 
/ (IN) 

HORIZONTAL DISPLACEMENT, 8 / 
/ 

25 

/ 
I ERROR 
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I 
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2 

8P E 

o I 2 3 (IN) 4 

MAXIMUM POSITIVE HORIZOIITAL DISPLACEMENT, 8 ON FIRST CYCLE 

FIG. 4.36(a) MAXIMUM POSITIVE 
HORIZONTAL DISPLACEMENT 0 - BC8 
EAST -- FIRST CYCLE 

MAXIMUM NEGATIVE HORIZONTAl. DISPLACEMENT, 0 ON FIRST CYCLE 
o -I 8'0,"2 (IN) -4 

(IN) 

COMPONENTS OF 
\. 

26 \ 

HORIZONTAL DISPLACEMENT, 8 '" FIG. 4.37(a) COMPONENTS OF HORI­
ZONTAL DISPLACEMENT 0 -- BC8 EAST 
-- FIRST CYCLE 

4 COMPONENTS OF / 
HORIZONTAL DISPLACEMENT, 8 / 

UN) I 

/ I-/ 
/ 8 .. / ,82£ 

/ 8'E 

/ 8" E 

23/ 

2 

8PE 

o I 2 3 4 (IN) 

MAXIMUM POSITIVE HORIZOIITAL DISPLACEMENT, 8 ON SECOND CYClE 

FIG. 4.36(b) COMPONENTS OF HORIZONTAL 
DISPLACEMENT 0 -- BCS EAST -- SECOND 
CYCLE 

MAXIMUM NEGATIVE HORIZONTAL DISPLACEMENT, 0 ON SECOND CYCLE 

o -2 -4 (IN) 

UN) 

COMPONENTS OF 
-4 HORIZONTAL DISPLACEMENT, 8 

28\ 
\ 

\ 
FIG. 4.37(b) COMPONENTS OF HORIZONTAL 
DISPLACEMENT 8 -- BC8 EAST -- SECOND 
CYCLE 
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APpEND1X A 

CALCULATED PROPERTIES FOR SPECIMEN BC7 

From experimental data 

f = 65 ksi 
y 

f 67 ksi 
y 

E 2.85 x 10
4 

s 

E = 2.69 x 10
3 

c 

f' = 4.615 ksi 
c 

ksi 

ksi 

FOR #6 

FOR #5 

Refer to Fig. 2.5 for dimensions of beam section 

YIELD MOMENTS 

Assume concrete stress to be linear 

M = f A j d + f' (~- d') A 
Y Y s s 3 s 

K = [m2 (p' + p)2 + 2m(p + p' ~'»)l/2 - m(p + pi) 

POSITIVE 

P 

p' 

E 
c 

MOMENT DIRECTION 

As 0.92 
-= = bd 9 (14.69) 

As' 1.77 
= -- = = bd 9(14.69) 

Kd 

0.00696 d 
'----

0.0134 

fe 

[7.-cc =Y2 kbd fe V 4-C's =A's f'S 

-----I ...... Asfy=T 

For strength calculations, use E for normal weight concrete 
c 

= 33w1.5 If'c = 33(150)1.5 /4615 

4 
2.85 x 10 

m = 4.12 x 103 = 6.9 'V 7.0 

- Al -



d' ~ 2 in. d ~14.7 in. 

Substituting k = 0.236 

y 1 
k 
3 

0.921 

Mof, = 67 (0.92) (0.921) (14.7) of, 8.8 [9. 236 (14.7) .. 2] 1. 77 
Y 3 

821 k-in. (92. 6kN-m) 

E 

cf/ = y y --'d =:-(l-_-k7'"") 
67/28500 
147(1-0.236) 

2.09 x 10-4 radians 

f = E E = E E 
k 3 67 0.236 

(l-k) = 2.69 x 10 (28500' (1-0.236) C C C C Y 

= 1.95 ksi 0.42 fl < 0.7 fl 
c 

Linear stress distribution is adequate 

NEGATIVE MOMENT DIRECTION 

1.77 
p = 9(14) = .0140 

0.92 
p' = 9(l4) = .0073 

d' = 1. 31 in. d = 14 in. 

Substituting k 0.329 

a = 0.890 

f~ = 0.329(14)-1.31 65 = 22.8 ksi 
s 14(1-0.329) 

Substituting 

M = 1439 k-in. (162.6 kN-m) 
y 

65/28500 
14(1-0.329} 

2.43 x 10-4 radians 

- A2 -



f = E E: 
C C C 

E E:-l k 2.69 x 103( 65 ) 0.329 
c (l-k)" = 28500 (1-0.329) 

= 3.01 ksi 0.65 f' < 0.7 f' 
c c 

Linear stress distribution is adequate 

LOAD AT YIELD 

Since both beams yield almost simultaneously: 

+ + M M 
Y Y ~ - distance from beam reaction to column face 

63.5 in. 

1439 + 821 
H = 

EQ 63.5 
35.6 kips (158 kN) 

APPLIED MOMENT AT LP32 

From test: East beam E: = 0.0266 
s 

f 
s 

moment direction) 

West beam E: = 0.0367 
s 

direction) 

f 
s 

82.5 ksi (negative 

89 ksi (positive moment 

To balance high stresses in steel, the concrete confined by 

closed stirrups must reach high strain levels. 

f' c 

0. 5fc 

0.3 f~ 

J 
I 
I 
I 
I 

Z = TAN e 
f' c 

----t--------
I 'I 
I I e 

----~---------+---I I 
~------41--------------~I~------~I-----E 
o 0.002 €50C €20C 

STRESS-STRAIN CURVE ASSUMED FOR CONFINED CONCRETE [REF. 9, CH. 2, 6] 
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f = fl Il-z (E - 0.002) c c - c 

where z = 
0.5 

ESOU + ESOh - 0.002 

3 + 0.002 f' 
c 

E50u f' - 1000 
c 

where f' is in psi 
c 

p = Ratio of volume of transverse reinforcement to volume s 
of concrete core measured to outside of hoops 

btl = width of confined core measured to outside hoops 

p 
s 

~ 
Jl, 

s 

d" 

p 
s 

bit 

Sh 

= spacing of hoops 

b"d" 

= area of reinforcing bar 

= length of stirrup 

= height of confined core 

= (0.049) (43.25) = 0.019 C7 .5) (14.625) 

= 7.5 in. 

= 3.5 in. 
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E 
soh 

E sou 

z 

= 

= 

! (0.019)V~~~ 

3 + 0.0002(4615) 
4615 - 1000 

0.5 

0.021 

= 0.0034 

= 22.1 
0.003 + 0.021 - 0.002 

NEGATIVE MOMENT DIRECTION 

T = F A = 82.5{1.77) 
s s 

Assume c = 3.25 in. 

E E c c s 
d--e 

E 
, 

= E c-d s c-= 
c 

Ey < E ' < E s sh 

= 

146 kips 

0.0266 3.25 
14-3.25 

0.0080(3.25-1.3) 

F ' s 

3.25 

F 
Y 

67 ksi 

0.0080 

0.0048 

C' = F 'A ' 
s s s 

67(0.92) 61.6 kips 

Assume Unconfined Concrete W/E >/ 0.004 Ineffective 
c 

COVER- 0.75" 
I n 

0.75" 
INEFFECTIVE 
UNCONFINED 
CONCRETE 

CONFINED 
CONCRETE 

EC =0.0080 

Ecm=0.0062 

Ecum=0.004 

.! ... 1 7.5" __ 
9" 

- A5 -
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Confined Concrete: 

From Table 6.2 Ref. 9 w/Z = 22.1 

E = 0.0062 
cm 

y 0.860 

Y 0.456 

Where C = yF 'c'b acting yc' from extreme compression fiber 
c c 

C' - Distance from neutral axis to extreme compression 

fiber in question 

C 0.860(4.615) (7.5) (2.50) = 74.4 kips c 

C ACTS 14-0.75 - 0.456(2.5) c 12.11 in. from tension 

of steel 

Unconfined Concrete 

E = 0.004 
cum 

Z = 22.1 

From Table 6.2 

y = 0.822 

Y 0.429 

Ccu = 0.822(4.615)(1.5)(1.62) = 9.2 kips 

C ACTS 14-3.25 + 1.62 - 0.429(1.62) = 
cu 

C = C + C + C ' = 74.4 + 9.2 + 61.6 c cu s 

c = 3.25 is correct 

Summing Moments About Tension Steel 

11.68 in. from tension 
of steel 

145.s kips ~ T = 146 kips 

MJ2 = 74.4(12.11) + 9.2(11.68) + 61.6(12.7) 1791 kip-in 

= (202.3kN-m) 
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ct>32 E + E c s 
h 

;::: 0.008 + 0.0266 
h 

-3 2.47 X 10 radians 

POSITIVE MOMENT DIRECTION 

T :: F A :: 89(0.92) :: 82 kips 
s 

Assume 

E 
c 

E ' s 

E 

s 

C = 

c-d ;::: 
s 

c 

E c-d 
c -­

c 

2.25 in. 

0.0367 2.25 
14.7 - 2.25 

:: 0.0066 (2.25-2) 
2.25 

;::: 0.0066 

:: 0.0007 < E 
Y 

F' E E ' = 28500(0.0007) = 20.0 ksi 
s s s 

C ' s F 'A ' s s 
20.0(1.77) ;::: 35.4 kips 

COVER--

\ 
1.38" 

CONFINED 
CONCRETE 

INEFFECTIVE 
UNCONANED 
CONCRETE 

9" I .. 

tc=0.0066 
------------------

..... ~" E"eurn= 0.004 

tern = 0.0026 

Since unconfined concrete is more effective than confined concrete 

there is no need to differentiate between the two in the analysis 

From Table 6.2 W/E = 0.004 cum 

Z 22.1 

y 0.822 

Y 0.429 

C = 0.822(4.615)(9)(1.36) :: 46.4 kips 
c 
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C acts 14.7 - 2.25 + 1.36 - 0.429(1.36) = 13.23 in. from 
c 

tension steel 

C = C' + C = 35.4 + 45.4 = 81.8 ~ T = 82 kips 
1 s lc 

C = 2.25 in. is correct 

Summing moments about tension steel 

+ M32 = 46.4(13.23) + 35.4(12.7) = 1063 kip/in. (120.1 kN-m) 
E + E 

¢+ =" c S = 0.0066 + 0.0367 = 2.95 x 10- 3 radians 
32 d 14.7 

LOAD AT LP32 

UNCRACKED FLEXURAL STIFFNESS OF BEAM: E c I UNCR 

EcIUNCR is the same for both positive and negative moment 

Transfonned area 

•••• 

1.3" C • • • L g" J As =O.92IN2 
B 

= 

~OT = 16(9) + 17.0 + 8.8 = 169.8 in. 2 

I 

(m-I) As = 17.0 IN2 
T 

(m-I) Ass =8.8 IN2 

9(16)8 + 17.0(14) + 8.8(1.31) 
Centroid: x = 169.8 = 8.3 in. 

I
UNCR 

= 9(i~)3 + 9(16) (8.3 - 8)2 + 17(14-8.3)2 + 8.8(8.3 - 1.3)2 

= 4068 in. II 

- A8 -



EI 
CRACKED FLEXURAL STIFFNES S: c CR 

Postive moment direction 

(m-I) As = \7.0 IN2 
T 

mAS = 9.71N2 
B 

kd = 0.236(14.7) = 3.47 in. 

Negative moment direction 

kd [J ... __ .... L (m -1)As =8.8IN2 
B 

kd = 0.329(14) = 4.61 in. 

ICR = 9(4;61)3 + 8.8(4.51 - 1.3)2 + 18.8(14 - 4.61)2 = 2048 in.4 

INITIAL STIFFNESS OF SUBASSEMBLAGE 

Use cracked flexural stiffness since working load moments exceed 

cracking moments. 

Rotational stiffness at joint: 

k' = 
ROT 

S = he 

+ 
3ECICR 

.R, 

k 
_ HEQ _ kROT 
- 0 - .R,h 

- A9 -

8=1 

h=72" 



K= 1 [3 (3. 73xl0
6

) 
63.5(7.2) 63.5 

= 95 k/in (16.6kN/mm) 

FLEXURAL DEFLECTIONS 

e .__ g I ==/Mcr) I + [1 -
\~x Mmax 3J 

I Cr 

+ 3 (5. 51XI06>] 
63.5 

ACI 9-4 

Fr = 0.248 ksi (Experimental Data) 

9(16)3 
12 

16 
Yt = 2 = 8 in. 

0.248(3072) 
Mcr = 8 

= 3072 in.4 

== 95 kip-in. 

DEFLECTION OF BEAMS DUE TO INITIAL GRAVITY LOAD MOMENT 

S -­
l - -- Sl 

I .. 63.5 IN.I 63.5 IN 

:e======::::1 M max 

Mmax = 3.5(63.5) = 222 kip-in. 

95 = 0.427 =-
Mmax 

222 

- AI0 -



= 2048 in.4 

Ie = (0.427) 3 3072 + r 1 - (0.427) 3 ] 2048 = 2128 in.4 

1 1· _I 
(63.5) (222)"i 3 (63.5) = 0.052 in. 

DELECTION DUE TO My- ( = 1439 kip-in.) 

1441N 

r ~~ 63.51N =1 

I 

-
--... - 8-.... yo 

~ 

721N 
\,.-........ -----_.J 8;0 

Due to geometry of specimen, deflection of end of beam 

relative to tangent drawn from column equals horizontal displace-

ment 0 at base of column using (AeI 9~4) 

Ie = 2084 in.4 ( = Icr ) 

1 (63.5) (1439) !, l (63 5) 0 351 . 5.51xl06 J. 3 • =. In. 
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DEFLECTION DUE TO My+ = 821 kip-in} 

63.5 IN r 

I 

-
using (ACI 9-4) Ie = 1385 in4 ( = Icr ) 

ECIe = 2.69xl0 3 (1385) = 3.73x106 k-in. 2 

1 1 1.. 
3.73xlOb (63.5) (821) ~ 3 (63.5) = 0.296 in. 

COLUMN DEFLECTION 

l.J 
SeOL 

HEQy = 35.6 kips 

]28.5 IN 

I = I = (17)4 = 6960 in.4 
g 12 

= 2 HEQ (28.5) 3 

3 EI 
2 ( 35 • 6) (28. 5) 3 

='3(2.67xl0 3} (6960) = 0.029 in. 

Must adjust Oy- and o~+ for column deflection and deflection of 

beam due to gravity load moment. 

o~~- = 0Yo - 0i + 0COL = 0.351 - 0.052 + 0.029 = 0.328 in. 

= 0.33 in. (8.4mm.) 

- A12 -



Oy+ = Oy6 + Pi + 0COL = 0.296 + 0.052 + 0.029 = 0.377 in. 

= 0.38 in. (9.7nnn.) 

DEFLECTION AT LP32 

63.5 IN 63.5 IN 

'~.--------.~t:I~~--------.~1 
M32- = 1791 kip-in 

M32 + == 1063 

My- = 1439 kip-in 

My+ = 821 

1439 = ( 1 - 1791 ) 63.5 = 13.2 in. 

+ 821 
tp = ( 1 - 1063 )63.5 = 14.7 in. 

~y- = 2.43X10~4rad. 

+. 0 3 
~32 = 2.95x1 - rad. 

Assuming that the distribution of ~ over ip is given by profile (1) 

°32 
1 

( <P32 - <P; )tp - (63.5 - ~i - ) + ¢y- tp (63.5 - ~ ) = - + 
2 3 P 

2 

1 ~ -
3 Y 

(63.5 - t -
P 

)2 

1 3 4 2' 
2.47xlO- - 2.43 x 10- ) (13.2) (63.5 - 3(13.2) + = -

2 

- AU -



032 - = 1.19 in. ( 30 • 3mm) 

Similarly 

0
32 

+ = 1. 42 in. (36.1mm.) 

Assuming that the distribution of $ over i is given by profile (2) 
p 

(Attempt to account for additional $ due to diagonal 

tension cracking) 

= $ - - (63.5 - ~ t-
32 ip 2 P 

+ ! ~ - (63.5 - ip- )2 3 y 

= 2.47xlO-
3 

(13.2) (63.5 - ~(13.2) 

032 - = 2.06 in. (52.3mm.) 

Similarly 

032+ = 2.28 in. (57.9mm.) 
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