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ABSTRACT 

The experimental results of two tests on composite semi-rigid 
connections are reported. The connections were made up of bolted top 
and seat angles, double web angles, and a composite concrete floor 
slab. Two tests were conducted, one for gravity load and one for 
lateral load. The test specimen were similar to the semi-rigid 
connections tested by another investigator, with the addition of a 4 
in. slab, 60 in. wide and containing 8 #4 grade 60 rebars. The 
composite specimen showed strengths approximately three times and 
initial stiffnesses eight to ten times larger than those of the bare 
connection. The initial stiffness of the system was almost that of a 
rigid connection, and was maintained up to about 30% of the plastic 
capacity of the composite beam. At ultimate the connections achieved 
over 75% of the beam plastic capacity and showed no strength 
deterioration up to rotations of 0.040 radians. In the cyclically 
loaded specimen some stiffness deterioration occurred after the slab 
steel yielded at an interstory drift of 1.5%. No slippage of the slab 
with respect to the beam, slippage of the reinforcing bars, or web 
crippling in the column was observed. The test showed semi-rigid 
composite connections (1) possess very large ductilities, (:!) are 
inherently redundant and therefore very safe, (3) can provide large 
moment transfer across interior joints and (4) can provide the 
neccessary stiffness to resist lateral loads. 
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Chapter 1 

I INTR ODUCTIO N 

I 1.1 Genera l 

I 
The advent of plastic design for steel structures can result in substantial 

savings in materials in multi-story steel frames if one considers the 

I connections to be semi-rigid. The main reason for this is plastic design allows 

both the use of the section's properties at ultimate capacity and recognition of 

I the continuity in the structure provided by the semi-rigid connections and 

I 
composite floor slabs. The development of a method to predict the moment 

capacity of these connections is important not only for economy in future 

I construction but also for strengthening and evaluating existing structures. 

Many of the simple connections in use today are in reality semi-rigid; the 

I additional capacity provided is not taken into account in design because of the 

I 
lack of a reliable data base on which to formulate analysis and design 

recommendations. 

I 
1.2 Ad,antages of Composite Semi-Rigid Frames 

I The use of semi-rigid connections in steel frames can lead to substantial 

I 
sav ings and improved structural performance for a combination of the foll owing 

reasons: 

I 
(a) The designer can adjust the level of restraint at the end of the beams and 

I columns. Thus, the beams need not be designed with simple connections, 

I 
nor do the columns need to bc assumed to have pin connections at their end. 

I 
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I 

The material savings due to (a) a redistribution of forces in the beams, 

and (b) the decreased effective length of the columns can be as high as 

I 15% over current design practices. 

I (b) With the utilization of plastic design for steel frames, semi-rigid 

I 
connections offer the possibility of "tuning" the structure to maximize its 

st ructural efficiency. Thus, the designer would be able to force the 

I structure to form a large number of plastic hinges almost simultaneously, 

at a load close to the collapse load but without excessive deflections. 

I 
I 

(c) The additional stiffness and strength provided by semi-rigid connec tions, 

and their use with composite floor slabs to provide additional continuity 

I over the columns, will result in decreased drifts and reduced non-

struc tural damage under lateral loads. Moreover, semi-rigid composite 

I connect ions offer the possi bili ty of concentrating energy diss ipation in 

I 
well-defined areas. 

I (d) Many of the common connec tion details in use today could be considered 

semi-rigid . In areas where seismic risk has been recentl y upgraded, and 

I where strength evaluation and retrofitting are needed, the use of the 

I 
additional strength and stiffness provided by these connections can lead to 

a more realistic and economical assessment of the structure's response to 

I low to moderate se ismic loads. 

I 
I 
I 2 
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The advantages described above are not currently usable because the utilization 

of Type 3 connections requires the designer to know their moment-rotation 

characteristics accurately. Two al ternatives are currently possible. The first 

is based on the use of empirical curves derived from statistical analysis of the 

few available tests. The second alternative is to actually test some of the 

connections, and utilize the data obtained in the laboratory in the design 

process. The first alternative prov ides an approximation at best, and offers 

very limited reliability since the statistical database is small and the number 

of variables involved is large. The experimental alternative is expensive and 

outside the capabilities of most design firms. It has been used in cases where a 

more accurate estimate of the strength and stiffness of the structures were 

required, but seldom as a design tool 

This project, of whi~h this document represents a progress report, aims at 

clarifying the variables influencing the strength and ductility of semi-rigid 

composite connections through a three-pronged approach. The first approach is 

to generate the necessary experimental data to derive a comprehensive model of 

semi-rigid connection behavior. The second is to use the model derived above in 

actual analysis and design to assess its viability as a design office tool. 

Finally, an economic assessment of the impact of semi-rigid connections will be 

made through the comparative design of simple building configurations utilizing 

simple, semi-rigid and rigid connections. At this stage of the project stage 

one is almost completed and stage two has begun. 

3 
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2.1 Genera l 

Chapter 2 

EXPERl~lE 'TAL DESIG 

The first phase of thi s project was intended to provide some baseline data to 

compare the behavior of a semi-rigid connection with and without a composite 

slab. Given the time and economic constraints, it was decided to use a 

connection similar to those tested by Radziminski et al.(I,2) for which the 

moment-rotation characteristics of the non-composite connection were well known. 

It was recognized that by adding a slab to Radziminski's test specimen without 

any other modifications some A.I.S.C. design criteria might not be met. The 

poss ibility of making meaningful comparisons, however, overrode these 

objections. 

2.2 Test Specimen 

2.2.1 Gra,ity Load Test 

The first specimen tested is shown in Figure I, and will be labelled SRCCIMx 

(semi-rigid composite connection, number I, monotonic loading, x - Lor R for 

left or right side). It consisted of a WI4 x 99 column, approximately 12.5 ft . 

high with two WI4 x 38 approximately 10.0 ft long beams framing into it along 

the st rong axis. A composite slab was cas t on shored forms abo e the beam to 

simulate a continuous floor slab across an interior column. 

The column was considerably stronger than the beams in flexure because the 

decision to avoid stiffeners in the joint area required a hcav y column section 

to remain within the bi t ratios allowed by AISC specifications. Due to material 

4 
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availability, Radziminki's column, a Wl2 x 96, was substituted with a Wl4 x 99. 

It was recognized that this could lead to problems with web buckling if the 

specimen developed the full negat ive capacity of the beams. However, to avoid 

adding another variable to the tes t, the addition of stiffeners was ruled out. 

The flange to thickness ratio for these specimens was 9.3, while the span to 

depth ratio was 8.0. Both of these were intended to model typical conditions in 

steel construction. 

It was anticipated the column would behave essentially as a fixed end for the 

gravity load case. Given this assumption, different connection details were 

used on each side of the column. On the right side a connection very similar to 

that labelled l4S1 by Radziminski was used. As shown in Figure 3, this 

connection consisted of a L6 x 4 x 3/8 at the top and bottom, and 2 L4 x 3-1 / 2 x 

1/ 4 in the web. The top and bottom angles had an 8 in. length along the beam 

flange, and were connected by two pairs of 3/ 4 in. ASTM A325 heavy hex bolts. 

All holes were 1/ 16 in. oversized to minimize construction problems, thus 

introducing the possibility of connection slippage. The gage length in the 

column was only 2 1/ 2 in. with a single pair of bolts. All bolts were tightened 

with a calibrated torque wrench to 350 ft-lbs, and no washers were used. 

The web angles had originally been designed to sustain I 1/ 2 times the shear the 

member would experience at its A.I.S.C. allowable uniform load as a simply 

supported beam with a span equal to the length of the test beam (l). It was 

decided to maintain them in order to eliminate one possible source of 

differences. 

5 
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The connection on the left side was similar, except it lacked the upper angle. 

I This specimen was then topped with a 4 in. concrete slab 60 in. wide and 

contained 8 #4 reinforcing bars with a nominal cover of 1.0 in . (See Fig. 4). 

I This amount of reinforcement was chosen because it provides about the same 

I 
strength (A of y) as the flange angle which was omitted on the left connection. 

The 10' long beam approximates a span of 20' for which the AISC specifications 

I give a maximum effective width of 60". Since any kind of horizontal shear 

failure was deemed to be undesirable, a large number of 5/ 8" x 2-1 / 2' shear 

I studs were welded to the beam sec tions to provide the necessary composite 

I 
action. A total of 19 studs were present on each side, at a spacing of 6'; this 

represents about twice as many as required by the current AISC specifications. 

I 
The specimen had originally been designed so the connection would be able to 

I transmit some, but not all, of the moment the beams could develop. 

I 
Radziminski's resul ts indicated the connection transmitted about 670 kip-in at a 

rotation of 0.024 radians. This corresponds to about 30% of the plastic 

I capacity of the beams. It was anticipated since the behavior of the specimen 

without the slab was govcrned by the yielding of the top angle and its bolts in 

I tension, the reinforcing steel in the slab would playa major role in the 

I 
behavior of the composi te specimen. It would seem the right hand side 

connection, with the top angle included, would have a much larger steel area 

available in tension , and thus a larger moment capacity. Calculations showed, 

however, the neutral axis at ultimate will lie very close to the top of the beam 

I flange, and the refore the top angle would not be able to carry very large 

I 
tensil e loads until the slab steel yielded significantly or fractured . Once 

I 6 
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this occured, it was anticipated the left connection would lose most of its 

load-carrying capacity, while the right side would be able to transfer the loads 

I to the upper angle and thus sustain the loads through much larger deformations. 

I The possible sectional properties to be used for analysis are described in Table 

I 
I. The sections compared are the steel beam alone, the full composite beam, the 

connections with and without the full slab, and the connections with a partial 

I slab. The last case would seem to be the most realistic since it represents the 

angle connections, the reinforcing bars, and the slab section outside the 

I column. It should be Doted that for most cases the neutral axis fell somewhere 

I 
between the boltom of the slab and the top of the beam web. It appears, 

therefore, the upper angle on the right connection does not become important 

I until conditions at ultimate are considered. The top angle on the right side 

was maintained because it was desirable to test one connection which was 

I identical to Radziminski's except for the addition of the composite slab. From 

Table I, it is seen first cracking of the slab was anticipated at about 675 

I kip-in of moment, with a corresponding deflection of about 0.07 in . Yield of 

I the top reinforcing steel was anticipated at a moment of 2167 kip-in for the 

left connection and 2477 kip-in for the right one. This would correspond to a 

I deflection of about 0.7 in ., and was calculated assuming the connection would 

behave rigidly; thus no allowance for the semi-rigidity of the joint is 

I incorporated. The plastic moment capacity of the composite beam was calculated 

I 
at 3470 kip-in by considering the slab reinforcement and the beam section to 

ha ve completely plasticized. 

I 
I 
I 
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2.2.2 Cyclic Load Test 

The test setup for the cyclic test was similar to that used for the monotonic 

I te st except load was applied at the bottom of the column instead of at the beam 

ends. The actuators at the beam ends were replaced by rigid links which were 

I instrumented to form load cells. For reasons of symmetry under lateral load 

I 
both sides had the same connection. The connection tested was the same as the 

left connection for the monotonic test (without the top flange angle). 

I 
In this test the bolts were tightened using turn of the nut method instead of 

I usi ng a calibrated torque wrench as in the previous test and hardened washers 

I 
were used under the nuts. 

I 2.3 Material Properties 

The specimen was constructed of A36 steel in the beams, columns, and connection 

I angles, grade 60 steel for the reinforcing bars, and concrete with a nominal 

I 
strength of 4000 psi. The actual material properties obtained from the 

fabricator and from coupon tests are summarized in Table 2. It seems the 

I properties were very simi lar to those of Radziminski's tests and direct 

comparisons are possible. 

I 
I 

2.4 Load History 

The load histories are summarized in Tables 3 and 4, and shown in Fig. 5 for 

I the gravi ty load tcsr and Fig. 27 for the lateral load test. 

I 
I 
I 8 
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2.41 Gra,ity Load Test 

The first spec imen was considered to be part of a braced frame, and thus loaded 

il onl y under gravity loads. Four load histories were run on thi s specimen: 

!I 
I 

GLI : an elastic cycle to check the instrumentation and obtain some initial 

, 

'I 
va lues of rotational stiffness. This cycle corresponded to a total deflection 

of about 0.15 inches at each end, or a total moment of about 340 kip-in. at each 

~ I side of the column. 

II GL2 : this was intended to be the main test for the structure, and was carried 

I '. ou t by applying equal loads to both beam ends in a load-control mode. This test 

was conducted until two phenomena occured. One was a se ries of loud noi ses, 

I possibly indicating slippage of the bolted joints; the other was the formation 

of a large crack on one of the nuts in the bottom left connection. These 

• phenomena will be discussed in detail later. Since the latter was unexpected 

I 
and could have lead to an early failure, the specimen was unloaded and the nut 

replaced and retightened (See Table 3). 

I 
GL3: this was the same test as GL2, except no further problems were 

I encountered and the beams deformed until a total beam end di sp lacement of about 

I 
2.5 inches was achieved. This cor respo nded to the ultimate capacity of the left 

connection. The right connection, which was still showing a strength gain with 

I increased deformation was then taken to a maximum deflection of 4.1 in . without 

any indication of failure. 

I 
I 
I 9 
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GL4: this las t test was conducted to determine the ultimate strength of the 

right connection, and was carried out by holding the left beam in its unloaded 

position and deflecting the right one until failure occured. 

2.4 .2 Cyclic Test 

The specimen was subjected to a slowly applied cyclic load to determine the 

strengt h and hysteretic behavior of this type of connection. The loading was 

carried out using deflection control, with the assembly being subjected to two 

load cycles at each level of displacement. The initial load was in the 

direction which caused negative moment in the right connection and positive 

moment in the left connection, henceforth to be called positive di splacement. 

LLl: At the start of the test the specimen was subjected to several cycles in 

the elastic range, as determined fr om the monotonic tests. This portion 

consisted of two cycles at a displacement of 0.20 in. and two cycles at a 

displacement of 0.50 in., corresponding to interstory drifts of 0.14% and 0.34% 

respectively. 

LL2 : After these elastic cycles the amplitude of the cycles was increased to 

bring the connection into the non-linear range. Two cycles were run at each of 

the foillowing deflections: 1.00 in .. 1.50 in., and 2.00 in. 

LL3 : At this point deflections in the positive direction were increased to 

4.00 in . but the stroke on the hydraulic actuators limited the deflection in the 

negative direction to 3.00 in. Three cycles of load were run at these 

deflections to see if the increased damage had any effect on the third 

10 
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hysteresis loop or if it would remain essentially the same as the second loop. 

These deflections correspond to a maximum story drift of 2.76% in the positive 

direction and 2.07% in the negative direction. 

LL4: The final portion of the test was composed of a monotonic loading in the 

positive direction. This loading was conducted using the same loading scheme as 

used in test SRCC 1 M, except the load on the left beam was upward instead of 

downward. 

2.5 Instrumentation 

2.5.1 Gravity Load Test 

The specimen was instrumented with Schaevitz linear variable differential 

transformers (LVDT's) to measure deflections above and below the joint (See Fig. 

6). These measurements were used to calculate the connection rotations, and 

were measured with reference to a fixed frame welded to the top and bottom beam 

flanges at a distance of 12 in. from the column flange. MicroMeasurements 

strain gauges were used to monitor stresses in the reinforceing bars, in the 

beams, and in the connection angles. The locations of these are shown in 

Figures 6 and 7. A Kaye data logger and Cresent external amplifiers were used to 

automatically collect the data. All deflection measurements were also checked 

with Fowler dial g3&eS accurate to 0.0005 in ches. Dial gages were also used to 

monitor the relative slip of the slab with respect to the beam at each end of 

the test specimen. 

11 
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The load data was obtained from Strainsert load cells, and checked against the 

line pressures read by Encrpac dial pressure gages. Very good agreement was 

found between the two. Beam end deflections were monitored by LVDT's, dial 

gages, and by levels located about 60 ft. from the specimen. No significant 

differences were found between the readings from the L VDT's and the dial gages. 

The former are used on all calculations. 

2.5.2 Cyclic Test 

The instrumentation of this specimen was similar to that of test SRCClM for 

measurement of rotations. L VDTs were also used to measure the interstory drift 

and any possible slip between the flange angles and the flange of the beams. 

The average shear strain in the panel zone of the column was also measured using. 

a pivoting frame connected at three corners of this zone and measuring the 

change in the length of the hypotenuse of the triangle formed by this frame with 

a L VDT (See Fig. 8). The readings for the load cells and L VDTs were taken 

automatically with a Keithley DAS Series 500 Measurement and Control System 

using Schaevitz amplifiers for the LVDTs. The strain gage data was taken 

manually with Vishay strain indicators and switch and balance units. With load 

cells at the end of each beam and at the boltom of the column it was possible to 

determine the moments for each connection independently of the determination of 

the lateral load applied. 

12 
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Chapter 3 

I EXPERI IENTAL RESULTS 

I 3.1 Gravity Load Test 

I 
3.1.1 General 

In th is section, the preliminary experimental results will be discussed . The 

I performance of SRCCIM will be described with the aid of figures and graphs, and 

the reader is encouraged to refer to them during this discussion. In Figures 9 

I and ID the complete load-deflection and moment-rotation Curves are presented 

I 
for comparison purposes. The individual curves for tests GL2 and GL3 are 

presented in Figures II through 15. Selected values for stiffnesses and moments 

I to compare with the bare connection data are show n in Table 5. The cracking 

patterns for the slab are shown in Fig. 16, and selected photos of the test 

I appear in Figs. 17 through 25. 

I 3.1.2 Behavior of Specimen 

I During load history one (GL I) the behavior of the specimen was entirely elastic, 

with no slab cracking or yield observed. It was noted the loading system had 

I about 1/ 16 in . of slack, and therefore any calculations for stiffness at this 

I 
stage (total deflection of D. l in .) would not be meaningful. This load run was 

used to insure the proper behavior of the instrumentation. Perfectly elastic 

I behavior was observed up to a moment of 34D kip-in on each connection. 

I 
I 
I 13 
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The initial loading during GL2 closely followed the curves for GLI to a moment 

of about 500 kip-in (load stage 6, or LS6) when first cracking was observed on 

the left beam. The initial stiffnesses measured were about 68 kip/ in for the 

right beam and 31 kip / in for the left one. The corresponding rotationa l 

stiffnesses were 2.26xl06 kip-in / radian for the right connection and 2.00x106 

for the left connection. By comparison specimen 14SI, without a composite slab, 

had only 1.95xl05 kip-in / radian. 

The cracks observed at LS6 on the left side of the slab began at the column 

flange tips and extended outwards to the slab edge. The crack penetrated 

through the slab and corresponded with a signifcant jump on the strain readings 

from the reinforcing bar strain gages. Similar cracking occured on the right 

beam at LS7; it should be noted cracking of the slab occured earlier than 

calculations anticipated. This was probably due to a zone of weakness created 

by the column flange tip and a hole left in the slab to facilitate lifting of 

the specimen after testing. 

Beginning wi t h loading to LS9 (moment of about 700 kip-in) loud noises were 

heard, signifying the beginning of the slippage of the left boltom angle. At 

this point the bolts were carrying approximately 10.4 kips of shear each, above 

the allowable load of 7.7 kips given by A.l.S.C. specifications. Increasing the 

load resulted in more loud noi ses and the beginning of a pronounced loss of 

stiffness, particularly for the left beam. At LSIO the web angle on the right 

connection began to show somc separation from the column flange, and a second 

set of longitudinal cracks bcgan to open in the slab. At LSI4 it was noticed 

the nut in one of the bolts connecting the left beam flange and the connection 
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angle showed a large crack. The deformations in this nut indicated it had 

ceased to work in friction, transferred its load to the remaining three bolts, 

and caused substantial slip of the connection by exceeding the frictional 

capacity of the remaining bolts. No local yielding or damage was observed as a 

result of this nut cracking. It was decided to unload the specimen and replace 

the nut in order to avoid an undesirable local failure. The unloading branch of 

the curves for this test indicated essentially elastic unloading for the left 

beam, but a much lower stiffness (about 23 kip/ in) for the right beam. The 

unloading resulted in residual deformations due to the bolt slippage. These 

were particularly large for the left beam, about 0.57 in., and about a third of 

that, 0.19 in ., for the right one. When the damaged nut was removed it was 

clear the angle had slipped considerably and the bolts were acting in bearing 

rather than f r iction. 

After the nut was replaced and retightened to 350 ft-Ibs of torque, the specimen 

was reloaded, and this load rUD labelled GL3. The first noises were heard at 

LS27, or about the same load level at which loading had been stopped during GL2. 

At this point the behavior of the two connections began to diverge. The left 

connection had slipped completely during GL2 and therefore followed a reload ing 

curve without a plateau until the slab rebars began to yield at a load of about 

1800 kip-in. After this the stiffness decreased significantly, and its ultimate 

strength was achieved at a total rotation of about 0.030 radians, corresponding 

to a moment of 2080 kip-in and a beam end deflection of 2.5 in . The right 

connection on the ot.her hand had not slipped as much and therefore exhibited a 

pronounced softening beginning at a load of 1000 kip-in. After the right 

connection had slipped sufficiently (by LS38, see Fig. 14) the load began to 
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increase again and a long, essentially linear behavior was achieved as the rebar 

progressively yielded. The ultimate capacity was reached at 2365 kip-in with a 

rotation of about 0.024 radians, and a beam end deflection of 4.1 in. 

It was noticed the noises stopped after LS39, when the right connection began to 

work in bearing and the stiffness of that side began to increase again. Also of 

interest is the fact some yielding of the column web began to occur at LS30, 

with the formation of yield bands inclined at about 50 degrees, beginning near 

the points where the compression angles were connected to the beam. Assuming 

the moment was about 1250 kip-in at this point, and the force in the flange 

about 80 kips, the column web still complied with the A.I.S.C. equations (1.15-

2) and (1.15-3) with a de of 11.25 in. (less than 22.9 required if 5/3 factor is 

used) and a tf of 0.78 in . (where 0.71 in . is required). Equation (1.15-1) 

would have begun to require a stiffener when the flange load was about 94 kips 

(still using the 5/3 factor) or 156 kips (without factor). The latter, which is 

the most reasonable case since the flange load was well known, would give a 

moment of about 2500 kip-in or close to the yield capacity of the beams. 

Beginning with LS38 some localized yielding of the bottom left beam flange was 

noted near the connection, as well as some yielding in the left web angles. 

With increase in load, most of the deflection was produced by yielding of the 

steel reinforcing bars. No visble signs of yielding could be found in the 

angles except as noted. 

The last load run (GL4) was conducted to measure the ultimate capacity of the 

right connection, as the additional strength provided by the top angle in the 

connection had not bcen fully mobilized at this point. For this test the left 
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beam was held at its deformed position after test GL3. The ultimate capacity 

was reached at a moment of 2700 kip-in, a rotation of about 0.039 radians and a 

total deflection of about 7.5 in . Failure occured at LS73 when two of the bolts 

in the bottom right angle connect ion to the beam flange fractured in shear, and 

the whole bcam slipped. It ended bearing on the column flange and sustaining 

about two-thirds of the ultimate load. The horizontal shear load at fracture in 

the bolts was calculated at about 45 kips or about thrce times the amount 

allowed in bearing by the A.I.S.C. specifications. During this last load 

history, yielding of the left web angle was observed beginning at LS67, and 

slippage was observed at LS69. The cracks in the slab were very wide at 

ultimate, with widths of about 3/ 8 in . for the first crack and 1/ 8 in. for the 

sccond main longitudinal cracks in the right side of the connection. No 

appreciable sl ippage of either the slab reinforcement or between the slab and 

the beam was evident. Removal of the concrete around selected bar ends and 

shear studs indicated no distress in these areas. 

3.1.3 Summa ry 

In summary, the behavior of the specimen can be divided roughly into three 

phases. The first phase consisted of essentially linear behavior and lasted 

until the friction capacity of the bolts was exceeded in t he bottom angles (LSO 

to LS8 for the left, and LSO to LSI5 for the right connection). The second 

phase comprised the slippge of the bolts until they began to work in bearing 

(LS8 to LS42 for the left , and LSI5 to LS48 for the right). The last phase 

consisted of a long, almost plastic, curve with no strength deterioration and 

excellent ductility characteristics. The specimen followed the expected 

bchavior quite closely once a suitable moment-rotation relationship was ineludcd 
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in the calculations. It is thought t he slippage phase could be minimized either 

by reducing the tolerances (not practical) or by increasing the connection 

frictional capacity with more or larger bolts. This would reduce the slippage 

phase considerably and enable the connection to achieve its desired moment 

capaci ty without any stiffness deterioration. 

3.2 Cyclic load Test 

3.2.1 General 

The large ductilities and strength evidenced by the gravity load test indicated 

tha t it should be possible to use this type of connection to carry some of the 

lateral loads imposed on structures. Clearly, the lack of full connection 

rigidity prevents its use in zones of high seismic risk (UBC Zones 3 and 4), but 

enough strength and stiffness may be present for satisfactory performance under 

wind loads and small earthquakes ( UBC Zones I and 2). For this cyclic test 

the left connection from the grav i ty load test was chosen. 

The details of the connection for this second test arc shown in Fig. 26. The 

load history imposed is given in Fig. 27, and the loading scheme in Fig. 28. 

The complete load-deformation curve for the test is shown in Fig. 29. Figures 

30 through 36 show the loops at different deformation levels to facilitate 

interpretation. The complete moment-rotation curves are shown in Fig. 37 for 

the left connection, and in Fig. 45 for the right connection. Figures 38 to 44 

show various stages of the moment-rotation curves for the left connection, and 

corresponding plots for the right connection are shown in Figures 46-52. 

Figures 53 and 54 show comparisons of the moment-rotation curves when the slab 

steel began to yield. Photographs at various stages are shown in figures 57 to 
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62. Stiffnesses and areas of hysteresis loops arc reported in tables 6 to 9. 

While reading this section reference will be made to these figures and tables. 

3.2.2 Beha"ior of Specimen 

The initial loading of the specimen consisted of four cycles of load , two each 

at deflections of 0.2 in. and 0.5 in. at the bottom of the column (LLl). A 

deflection of 0.5 in. at the bottom of the column corresponds to about 0.34% 

interstory drift. These cycles resulted in beam end loads of 3 and 9 kips, and 

no evidence of non-linear behavior. The only damage which occurred during these 

cycles was the cracking of the slab at the column face . This cracking occurred 

much earlier than expected, probably the result of shrinkage stresses developed 

in the three months since the slab was cast. 

In this load sequence the maximum momentS and rotations achieved were about 600 

in-kips and 1.50 milliradians, respectively. By comparison the rotation in the 

monotonic test at this level of moment was about 0.70 milliradians. This less 

stiff behavior is most likely due to the earlier cracking of the concrete slab 

in the cyclic tests and loss of its contribution to stiffness. This loss can be 

seen by comparing the initial stiffness from this test to that of the monotonic 

test. The monotonic stiffness was about 2000 kip-in/ mR as opposed to only 500 

kip-in / mR for the cyc licall y loaded specimen. If instead of the initial 

stiffness from the monotonic tes t we compare stiffnesses after slab cracking had 

occured, more satisfactory agreement is found. For the monotonic test, at start 

of GL3 (reloading after the slab had been cracked at GL2), a stiffness of 491 

kip-in / mR was computed vs. 488 kip-in / mR for the cyclically loaded one. At the 

end of this portion of the loading there was no residual deflection and other 
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than the cracks marked on the slab there was no indication of damage. 

I The non-linear portion of the load history began with LL2. The first two cycles 

at an interstory drift of 1.00 in . (0.68%) did not produce any observable 

I distress. However, beginning with the next two cycles at 1.50 in . (1.02%), the 

I 
first visible signs of damage were evident. This damage was of two types: for 

the connection loaded with negative moment there was an increasing number of 

I cracks and the existing cracks opened more; for the connection with positive 

moment the flange angle began to separate from the column face. In this region 

I slip between the flange angles and beam flange began to have an effect on the 

I 
behavior of the connection and the moment rotation curves deviated from linear. 

The large non-linearities in this region are due primarily to yielding of the 

I slab reinforcement, as shown in Figs. 53 and 54. This yielding began in the 

first loop with a deflection of 1.50 in. for the right connection and in the 

I first loop with a deflection of 2.00 in. for the left connection. This indicates 

I 
a possible influence of the initial direction of loading. 

I As the loading proceded into LL3, with maximum positive displacements of 4.25 

in . and negative ones of 2.9\ in ., significant hysteresis losses began to occur. 

I The opening up of cracks and the pulling away from the column face of the flange 

I 
angle were the causes of pinching of the hysteresis loops in this rcgion. 

I An interesting comparison can be made at this level between the behavior of a 

bare steel connection and the composite one. For the bare steel connection 

I Radziminski had proposed a three-zone interpretation of the hysteresis loops. 

This is shown in Fig. 55. Zones I and 3 represent the compression angle bearing 
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against the column, and zone 2 represents the area of low stiffness when the gap 

between the angle and the column was not closed. For the composite connection, 

I a similar non-symmetrical loop can be drawn as shown in Fig. 56. Consider this 

loop at point I, when the deflection is a maximum in the positive direction. 

I The cracks in the slab of the right beam are open and the bottom angle of the 

I 
left connection is pulled away from the column face. As the specimen is 

unloaded to point 2 the loop follows an essentially elastic unloading. At point 

I 2 the cracks in the right beam are still open and the left flange angle is still 

not bearing against the column face. As the specimen is loaded in the negative 

I direction the cracks and seperation of the flange angle close. In this portion 

I 
of the curve the stiffness is at a minimum. As load is increased after the 

cracks close and the angle bears the stiffness begins to increase until it 

I reaches a maximum at the maximum negative deflection (point 3). At this point 

the situation is opposite of point I , the cracks are in the slab of the left 

I beam and the right connection flange angle is pulled away from the column face . 

I 
As the beam is unloaded and then reloaded in the positive direction the 

procedure described above is repeated with left and right reversed. Because the 

I behavior of the composite connection is not symmetrical, the length of the small 

stiffness portion will depend on whether the slab steel has yielded, and what 

I size cracks were produced in the process. 

I Even with this detrimental behavior of the connections, as load was increased to 

I the point where the cracks were closed and the flange angle was bearing, the 

stiffness increased to the same values obtained in the monotonic test for 

I similar levels of rotation. (see Table 8) 

I 
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As the level of load for eaeh eycle increased there was greater residual 

deformation at the end of the cycle. At the zero load position in the final set 

of cycles there was a residual deformation of about 2 in . in the positive 

direction and I in. in the negative direction. 

The final monotonic test (LL4) did not produce any new results, except to prove 

very large rotations can be accommodated by the system and ductile behavior can 

easily be achieved. 

3.2.3 Summary 

The results of the cyclic test indicate good lateral load behavior can be 

obtained with composite semi-rigid connections. The first large non-linearities 

in the hysteresis loops were noted at an intersto ry diplacement of 1.5%. Normal 

design procedures would limit this to 0.5% under most conditions for the type of 

construction envisioned. The large ductilities and good energy-absorption 

capacity evidenced by the system, as well as its inherent redundancy will 

probably make it a very attractive structural system in large areas of the 

U.S.A. 
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4.1 General 

Chapter 4 

ANALYTICAL STUDY 

The analytical effort has been centered on two issues. The first is to develop 

a comprehensive finite element model capable of predicting the monotonic 

connection behavior. The second, and parallel effort, has been aimed at 

developing a simplified truss element model for the connection angles in order 

to reduce the computational effor t. 

4.2 Finite Element Model 

A very complete three-dimensional modelling of the entire test structure was 

first carried ou t utilizing the program ADINA. The object in this phase was to 

replicate the experimental results obtained in the monotonic test, and to derive 

a model to serve as a baseline for future simplifica tions. The general model of 

th e connection is show n in Fig. 65. The beam was modelled using 3D elements, the 

bars and angles utilizing truss clements, and the shear connectors by very stiff 

~D beam elements. A mesh for the area next to the connection is shown in Fig. 

66. 

The model was found to produce re sults in very good agreement with the 

experimental ones, as shown in Fig. 67. The material model utilized has a 

significan t bearing on computation time, so a simple linear elasto-plastic 

relationship was used for the monotonic case. The stress-strain characteristics 

used for the model are shown in Fig. 68 and 69. Because of thi s assumption, the 

model cannot be used for cyclic loading. It can, however, provide an excellent 
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approximation to the cracked stiffness of the system at a very reasonable cost. 

4.3 todelliog of Connection Angle 

For the case of cyclic loading, it becomes necessary to develop a very precise 

stress-strain relationship for the angle in tension if it is to be modelled as a 

truss element. The angle is attached to the column by A325 bolts, for which a 

gage distance of at least 2.25 in. is desirable for crection purposes. This 

results in the angle being loaded in tension along its connection to the beam 

flange, but almost as a cantile ver beam on the leg attached to the column. The 

relatively small thickness (3 / 8 in .) of the angles results in a modcst section 

modulus and consequently, in yielding of this cantilever at very low loads. The 

unfortunate consequence of this yielding is the initial slope and the yield load 

in tension are much smaller than in compression (see Fig. 68). Most finite 

element codes can handle this type of material model only as a user-specified 

constitutive relationship; this signifies a large increase in the input data as 

well as in CPU time. 

Since this yielding affects the rotation of the connection significantly. 

another finite element model was made of the angle itself in order to determine 

the load-deformation characteristics of the truss element. The mesh utilized is 

shown in Fig. 70. and the rcsults for selected geometries are shown in Fig. 71. 

As can be seen from this last figure, softening of the angle in tcnsion bcgins 

very early and will rcsult in largc permanent deformations if the force in the 

beam flange reaches the yield force of the beam. These results refer to the 

bare connection, without the contribution of the slab or the slab reinforcing 

bars. 10delling of the latter case is under\\ ny, and results are expected to 
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show that a large portion of the initial gain in stiffness and strength for the 

composite connection is due to the shifting of the neutral axis caused by the 

large slab. 
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Chapter 5 

CONCLUSIONS 

I 
5.1 Gravity Load Test 

I This preliminary test leads to the following conclusions: 

I I) The bchavior of a composite connection is simi lar to that of a non-composite 

I connection, with the slab stee l replacing the top angle. The higher strength of 

the rebar steel , the increased moment arm and the prescnce of a slab re sult in a 

I strongcr, stiffer and more ductile system. The substitution of the angle with 

the rebar al so results in a much more linear initial behavior. 

I 
I 2) The moment-rotation curves are fairly linear within the range that should be 

used for service loads, and thus the calculations required might not be as 

I difficult as previously thought. For design purposes, the connection can 

I 
probably be considered linear with .a stiffness similar to th ose obtained at the 

beginning of GL3, if shakedown can be assumed to have taken place during GL2. 

I Thus the use of a complex approach, requiring B-splines or polynomials to 

approximate the moment-rotation charactcristics, might not be required for 

I everyday office usc. 

I 3) The behavior of the specimen was governcd primaril y by the yielding of the 

I slab steel. This specimen had only 8 # 4 bars (A = 1.60 in .) for a 

reinforcemen t ratio of 0.67 in the slab. Substantial gains in the linearity of 

I the moment rotation curves can be expected if the reinforcement ratio is 

I 
increa sed . The strain gauge data available from the slab rebars indicates, 
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after a cursory examination, the stresses were not distributed uniformly across 

the slab, but more on a parabolic fashion, with the outermost bars carrying 

I about half as much load up to yield as the innermost ones. 

I 4) Although the forces in the column web were very large, and at the end of the 

I 
test exceeded AISC allowable values, only very limited yielding was observed. 

Thus web crippling might not be as severe a problem for semi-rigid connections 

I as with rigid ones. 

I 5) If the slippage of the bolts can be limitcd, either by increasing their size 

I 
or number, the linear behavior ca n probably be extended far beyond what was 

shown in this test. 

I 
6) The use of a tOP angle provided reserve strength capacity and stiffness at 

I ultimate. The deformations observed in the angles were very small until the end 

I 
of test GL3. 

I 5.2 Cycl ic Load Test 

The results of this test lead to the following conclusions: 

I 
I 

I) The behavior of a composite connection under cyclic loads is considerably 

different than similar non-composite connections. The increased strength of the 

I connection makes the "yielding" of the bottom flange angle occur at a moment 

that is a lower proportion of the yield moment than is the case for a non-

I composite connection. This charecteristie leads to increased pinching of the 

I 
hysteresis loops, but the area they enclose is still about twice as large as 
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enclosed by loops for the same range of rotations in non-composite connections. 

2) The envelope of the moment rotation curves from the cyclic test follows the 

moment rotation curve of the monotonic test very closely. (Fig. 63) 

3) The shear strains observed were large enough to cause some yielding in the 

column web (see Fig. 57) , but not nearly as large as those obtained in tests of 

rigid connections. This suggests the use of web stiffeners may not be required 

as often in semi-rigid construction as in rigid construction. 

4) The behavior of the connection was governed by the plastic bending of the 

flange angle and the yielding of the rebar. The more important of these at 

lower levels of load (in the service range) is the bending of the flange angle, 

as it occurs first for a configuration like the one tested. This problem can be 

eliminated by using a thicker and / or longer angle, by using a plate welded to 

the column in place of the angle, oro-especially in the case of retrofits--a 

weld could be added along the top of the leg adjacent to the column. The 

addition of more reinforcement in the slab along with these modifications would 

produce a longer linear portion in the moment-rotation curves, and enable the 

designer to detail a connection capable of developing the full moment capacity 

of the beam 

5) The lack of a top angle did not have an cffect in the cyclic test any more 

than it did in the monotonic case. The removal of this connection clement 

simplifies erection and decreases cost. 
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6) The hysteresis loops for the th ird cycle at the maximum deflection did not 

change appreciably from the loops from the second cycle at this deflection (see 

Fig.s 43 and 51). This indicates there is no increase in damage as the number 

of cycles at a given loading incrcascs, suggesting incremental collapse should 

not be a problem. 

7) The direction of first damage did not appear to have any effect on the 

behavior of the connection. The moment rotation curves obtained for the right 

connection are the same as those for the left connection. 

5.3 Implications for Design 

The results of this project indicate that the particula r connection 

configuration tested could be used to provide lateral stability if design drifts 

are kept below 0.5%. It should be noted, however, that these results are only 

for one connection, and to generalize them to all of the many possible 

connection configurations without further testing should be strongly 

discouraged. 

These results suggest the use of semi-rigid composite connections may be an 

economical way to resist lateral load in low rise structures or to help in the 

resistance of these forces in larger structures. It should be noted, however, 

that these connections have onl y been te sted in isolated subassemblies and not 

as part of a moment resisting frame. A test of this type will be carried out 

later this year. 
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If this type of connection is to be used as part of a frame, the analysis must 

include springs (perhaps non-linear) at the ends of the beams. For linear 

springs, methods of adapting the most commonly used analysis procedures have 

been reponed, but to incorporate non-linear springs is more difficult. 

The most critical aspect of replacing rigid connections with semi-rigid ones is 

the increased drifts they allow. Most designers do not have a feel for the 

range of drifts associated with semi-rigid connections. For structures with 

large lateral loads the moment resistance of a semi-rigid connection may be 

insufficient to provide the required lateral stability. 

S.4 S ummary 

The use of a structural system based on a semi-rigid composite connection has 

many advantages. The most important are: 

a) The system possesses very large ductilities, and is inherently redundant. 

b) The connection details are simple and should not increase cost significantly. 

c) Quality control problems are minimized by the simplicity of the connection. 

d) The contribution of the slab to the stiffness of the structural system has 

been demonstrated, and its beneficial influence on column bchavior proved. 
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Table 1 - Crosscctiona1 Properties 

Type Case A I y St Sc )I 

( in. 2 ) (in.4) ( in. ) (in. 3 ) (in. 3 ) (k-in) 

lI'14 x 38 D 11.20 385 .0 7.05 54.6 54.6 2613 ( 1) 

Compo si te A 45.21 1126.9 l3 .90 268.2 81.1 

Beam B l3 .57 573.0 8.76 61.4 65.4 3470 (2) 

Right A 44.01 1023.8 14 .13 235.7 74.5 

Co nne etion B 12.37 544.0 9.14 58.3 59.5 2477 ( 3) 

C 36.34 1039.8 12 .66 178.8 82 .1 681 ( 4) 

Left A 41.01 1023 .5 14.12 235.0 72.5 

Conne ction B 9.37 560.8 7.49 51.0 74.9 2167 (3) 

C 33.34 1054.9 12.51 177 .1 84 .3 675 ( 4) 

( 1) Pl~ stic moment capacity of beam alone. 
(2) Pl ~stie moment capacity of beam plus slab reinforcement. . 
(3) Ii el d moment based on elastic properties. 
( 4) Cracking moment based on 7.5 fl' tensile c strength. 

Ca se s - A- full 51 ab width pl us reinforcement. 
B - no contribution from 51 ab, except for reinforcement. 
C - 51 ab width out side col umn fl ange pi us reinforcement. 
D - bare beam, no 51 ab or reinforcement considered. 

-{}~:"~>~;. e,:+ 0 0 ® ~ @ ® til ?l /I n u llt 
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Ca se (A) Case (BJ Case ( C) Case (D) 
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Table Z - Katerial Properties 

Member Yield Stre .. Ultimate Strength 
(lr::si) (hi) 

Beam 42.5 65.0 
Column 42.6 67.0 
Angle 43.0 65.6 
Rebar 63.0 108.0 

Yield Stress Tensile Strength 
f'c (psi) (psi) 

Concrete 4490 545 

(e) By comparison. Radziminslr::i's test had yield strengths varying 
from 37.6 to 42.6 lr::si for yield and 67.9 to 69.9 lr::si ror ultimate 
strength; the author doe s not specify vhether these rerer to the 
angles only or to all structural steel used. 
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Load 
History 

2 

3 

4 

Load 
Stage 

1 
5 
9 

13 
17 
18 
19 

21 
25 
29 
33 
37 
U 
45 
49 

61 
65 
69 
72 
73 

Table 3 - Load History - SRCClX 

Left Left Right Right 
Load Den ection Load Den ection 

(kips) ( inches) (kips) ( inche s) 

0.960 0.046 0.984 0.000 
3.980 0.130 3.948 0.057 
6.096 0.281 6.032 0.166 
8 .04 8 0.372 8.080 0.302 
9.680 0.684 10.000 0.634 
9.856 0.858 10.352 0.638 
0.032 0.580 0.108 0.194 

0.400 0.580 0.400 0.214 
6.968 0.858 7.048 0.464 

10.416 1.088 10.768 0.685 
10.744 1.258 10.980 0.746 
11.636 1.202 12 .572 1.298 
13.212 1.258 14.432 1.865 
16.000 2.066 17.368 2.602 
18.472 3.623 20.940 4.262 

0.064 2.705 0.256 2.207 
13.752 3.484 14.692 3.248 
19.152 3.431 22.560 5.249 
19.248 3.421 23.920 7.374 
13.840 3.497 16.012 8.819 
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Load 
History 
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2 

Table 4 - Load History - S~CCIC 

Load Den ection Drift Lateral LOLd 
Sage (in. ) (Ill) (kips) 

1 0.00 0.000 0.0 
9 0.14 0.096 3.2 

13 0.00 0.000 0.0 
19 -0.18 0.124 -3.0 
22 0.00 0.000 -0.1 
24 0.12 0.082 2.9 
26 0.00 0.000 0.0 
28 -0.17 0.118 -2.7 
29 -0.02 0.017 -0.3 
35 0.47 0.324 8.3 
38 0.02 0.017 0.2 
45 -0.52 0.353 -7.9 
48 0.00 0.000 -0.3 
52 0.47 0.320 8.1 
54 0.00 0.000 -0.2 
57 -0.50 0.344 -7.5 
60 0.00 0.000 -0.3 

68 0.96 0.660 13.1 
70 0.08 0.058 0.2 '. 
79 -0.99 0.677 -13.8 
82 -0 .06 0.041 -0.3 
86 0.97 0.667 12.7 
88 0.00 0.002 0.2 
92 -0.97 0.668 -13 .2 
94 -0.03 0.022 -0.3 

100 1.63 1.112 15 . 6 
104 -0.24 0.164 -3.6 
109 -1.55 1.064 -16.8 
113 0.00 0.003 1.1 
117 1.48 1.011 14.2 
120 0.33 0.225 0.1 
125 -1.47 1.008 -15.5 
127 -0.30 0.207 -0.4 
134 2.24 1.534 18.4 
138 0.02 0.013 -2.5 
147 -1.91 1.307 -18.8 
151 -0.64 0.439 -0.3 
15S 2.40 1.646 16.9 
157 -0.54 0.367 -6.8 
159 -2.08 1.428 -18.3 
160 -0.48 0.327 -0.3 
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I Table 4 - Load History - S~CClC (cont.) 

I Load Load Defl ection Drift Lateral Load 
History Stage ( in.) ('1» (kips) 

I 
3 164 4.14 2.834 21.6 

173 -{).54 0.373 -7.9 
176 -2.80 1.915 -18.0 
180 0.63 0.430 4.0 

I 186 4.23 2.895 20.8 
192 -{).27 0.182 -7.3 
195 -2.43 1.665 -17.4 

I 198 1.03 0.704 3.9 
201 4.25 2.910 20.5 
206 -{).63 0.431 -8.3 

I 208 -2.45 1.675 -17.3 
213 -{).71 0.483 -{).4 

I 
4 251 1. 70 1.161 10.0 

289 2.84 1.945 15.4 
318 3.80 2.603 19.4 
348 4.76 3.262 22.3 

I 
,I 
I 
I 
I 
I · 
I 
I 
I 
I 
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Table 5 - Stiffness at Selected Points - SICClK 

Condition SRCCl}!R SRCC1ML Radz iminski 

Ini tial Stiff"" S$ 2260 2000 195 

Slope of Secant 327 270 109 
at 4.0 lOR 

Slope of Tangent 95.2 63.3 S3.S 
at 4.0 lOR 

Moment at 4.0 lOR 1306 1078 43 S 

Slope of Tangent 40 .0 14.0 S.8 
at 24 lOR 

Moment at 24 lOR 2404 1939 668 

Slope of Tangent 9.1 7.S -
at 38 mR 

Moment at 38 lOR 2640 2173 -

All stiffnesses and slopes are Given in Jdv-in per milliRadian; 
All moment are gi,en in JdV-in. 
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Load 
Stage 

0-9 
9-19 

19-24 
24-28 
28-35 
35-45 
45-52 
52-57 
57~8 
68-79 
79-86 
86-92 
92-100 

100-109 
109-117 
117-125 
125-134 
134-146 
146-155 
155-159 
159-164 
164-176 
176-186 
186-195 
195-201 
201-207 
207-349 

Table 6 - Peak-to-Peak Stiffness 

Left Conne cHon 

End Moment End Rotation Stif!.ne ss S ti!!.ne ss/1 deal 
(k-in) (mit) (k-in/mR) ('II) 

240 0.43 557.0 100 
-232 -{).72 411.7 82 

235 0.41 413.4 83 
-208 -{) .68 4{)5.7 81 

625 1. 73 346.3 69 
-569 -1.87 332.3 66 

633 1.72 334.9 67 
-516 -1.92 315.5 63 

923 4.02 242.2 48 
-997 -4.35 229.3 50 

936 4023 225.5 50 
-931 -4.33 218.3 47 
1052 6.42 184 .4 62 

-1292 ~.62 179.8 60 
1018 6.17 180.6 59 

-1150 ~ .33 173.4 55 
1145 9.65 143.6 73 

-1513 -9.25 140.7 65 
1147 7.53 158.5 63 

-1380 -13.76 118.7 82 
1313 17.65 85.7 80 

-1226 -16.85 73.6 62 
1309 18.03 72.7 69 

-1202 -17.34 71.0 61 
1273 18.52 69.0 67 

-1174 -17.55 67.8 60 
1377 16.11 75.8 64 
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Table 6 - Peak-to-Peak Stiffness (eont.) 

Righ t Conne cti on 

Losd End Moment End Rotation S tiffne S$ S tiffne ,,/Idea1 
Stase (k-in) (mR) (k-in/mR) (!t) 

0-9 -238 -0.49 487.7 98 
9-19 162 0.61 363.5 73 

19-24 -201 -0.47 336.8 67 
24-28 157 0.58 341.0 68 
28-35 ~10 -1.88 310.4 62 
35-45 536 1.36 352.5 71 
45-52 -565 -1.88 338.8 68 
52-57 527 1.34 338.5 68 
57~8 -987 -3.72 298.8 60 
68-79 926 3.79 254.6 51 
79-86 -920 -3.84 242.1 48 
86-92 921 3.90 23 8.0 48 
92-100 -1209 -5.65 223.1 63 

100-109 1048 6.06 192 .9 61 
109-118 -1023 -5 .14 185 .1 48 
118-125 1016 5.65 189.1 56 
125-134 -1480 -8 .30 178.9 74 
134-148 1188 8.51 158.8 71 
148-155 -1279 -8 .89 141.8 63 
155-159 1181 8.80 13 9.0 64 
159-164 -1779 -20.27 101.9 100 
164-176 1283 12 .01 94.9 60 
176-186 -1675 -20 .51 91.0 93 
186-195 1255 12.55 88.7 59 
195-201 -1671 -20.86 87.6 91 
201-208 1237 12.91 86.1 59 
208-350 -1894 -26.38 79.7 100 

The Stiffness/Ideal il obtained by mulUplyinS the stiffness by the 
ductility utio (assume yield rotatioll5 of 4 mR and 3.8 mR for 
positive and negative moments) and dividing by the elastic stiffness 
(a "ume 500 k-in/mR). 
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Table 7 - Stiffness at Selected Points - SRCClC 

Left Connection 

Load Moment Rota tion Stiffne so 
Stage (k-in) (mR) (k-in/mR) 

68 923 4.021 100.1 
96 897 4.088 182 .1 

154 1030 4.998 75.8 
181 675 5.194 65.4 

91 -874 -4.110 342.9 
107 -920 -4.509 294.4 
141 -693 -4.832 143.6 
192 -345 -4.825 30.9 

134 1145 9.647 9.1 
163 1255 10.695 43.1 
184 1156 12.079 78.3 
200 1110 12 .554 83 .0 

146 -1513 -9.247 83 .8 
158 -814 -11.080 102.0 
174 -623 -10.873 34.9 
193 -611 -12.119 34.4 

" 

Right Connection 

Load Moment Rota tion Stiffne ss 
Stage (k-in) (mR) (k-in/mR) 

68 -987 -3.725 135.2 
86 -920 -3.836 357.5 
97 -1058 -4.413 325.3 

116 -774 -4.279 294.7 
129 -755 -4.233 253.4 
153 -431 -4.043 87.1 

79 926 3.789 69.6 
92 921 3.900 139.1 

107 962 4.246 138.9 
122 790 4.095 179.8 
141 935 4.526 141.0 

155 -1279 -8.894 209.2 
183 -504 -11.417 95.0 
199 -460 -11.395 36.4 

158 1181 8.796 56.5 
175 1243 10.336 33.6 
207 1119 10.251 61.3 
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Table 8 - Stiffness of EnTe10pe - S~CC1C 

Left Colllle etion 

Load Moment Rotation S tHine ss 
Stage (kixr in) (mR) (1:1 xr in/ mR) 

0-9 240 0.4 557.0 
24-35 625 1.7 296.9 
52-68 923 4.0 126.1 
86-100 1052 6.4 52.74 

117-134 1145 9.6 36.51 
155-164 1313 17.7 16.38 

0-18 -217 -0.7 326.7 
28-45 -569 -1.9 304.0 
57-79 -997 -4.3 197.8 
92-109 -1293 ~.6 157.8 

125-146 -1513 -9 .2 124.5 

Rip t ColUle et i On 

Loed Moment Rota tion Stiffne ss 
Sta ge (kixr in) (mR) (kixr in/mR) 

0-9 -238 -0.5 487.7 
24-35 ~10 -1.9 287.8 
52~8 -987 -3.7 229.1 
86-100 -1209 -5.6 159.5 

117-134 -1480 -8.3 137 .9 
155-164 -1779 -20.3 44.02 
201-350 -1894 -26.4 40.35 

0-19 162 0.6 264.3 
28-45 536 1.4 485.8 
57-79 926 3.8 162.9 
92-109 1048 6.1 59.22 

125-148 1188 8.5 60.19 
159-176 1283 12 .0 31. 79 
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Table 9 - Area Enclosed by Hysteresis Loops 

Left Conne ction 

Loe.d Moment Range Rate. tion Re.nge Area Aree./ldea1 
Stage (Up- in) (mR) (kip-in) ('J» 

60-82 1900 8.4 1.33 83 
82-94 1900 8.6 .29 14 
94-113 2300 13 .0 3.65 25 

113-127 2200 12.5 1.40 11 
127-151 2700 18.9 17.63 57 
151-160 2500 21.4 6.61 10 
160-179 2500 34.5 21.20 28 
179-197 2500 35.4 19.15 25 
197-213 2400 36.1 15.87 20 

ll.igh t Conne ction 

Load Mom ent II. ange Rota tion Re.nge Area ArealIdeal 
Suge (kip- in) (mR) (kip- in) ('J» 

60-82 1900 7.5 1.19 -
82-94 1800 7.7 .26 -
94-113 2300 11.7 2 .48 15 

113-127 2100 10.8 .96 12 
127-151 2700 16.8 7.69 30 
151-16C 2500 17.7 5.65 20 
160-179 3100 32.3 27.69 40 
179-197 2900 33.1 14.27 20 
197-213 2900 33.8 13 .06 18 

The ideal area is calculated by assuming elastic-perfectly plastic 
behavior with a yield moment of 1500 kip-in at a rotation of 4 mR in 
the positive direction and a yield moment of 1300 kip-in at a 
rotation of 3.8 mil. in the negative direction. 
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-------------------
FIGURE 10 - Cm~PLETE MONENT-ROTATION CURVES FOR SRCC1M - GL.2. GU. AND GL4 
MOMENT IKIP-IN) 
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FIGURE 11 - LOAD VS DEFLECTION - GL2 - LOAD Sl'AGES 1 TO 20 
LOAD (KIPS) 
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FIGURE 12 - MOMENT VS. ROTATION - GL.2 - LOAD STAGES 1 TO 20 
!>IO!>l8lT (!<If' - IN) 
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FIGURE 13 ... LOAD VS. DEFLECTION - GL3 - LOAD STAGES 21 TO 52 
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(b) Cracking in the slab at the end of test GL4 

Figure 16· Crack ing patterns in the sllb at GL: and GL4 
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Figure 17 - Specimen before slab was cast 
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Figure 18 - Specimen in loading frame 
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Figure 19 - Instrumentation in the connection area 

Figure 20 - Specimen deformed 3 t the end of GL2 
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Figure 21· Right connection at the end of GL2 

LS.20 

Figure 22· Left connection at the end of GL2. Note that 
neither connection shows evidence of yielding 
or distress 
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Figure 23 - Right connection at the end of GL4. Note that 
the bottom bolts have sheared, and the beam 
flange is bcar ing against the co lumn flange 

Figure 24 - Left conncction a t the end of GL4. Note tha t 
the opening at the top is very wide, and the 
top of the web angles have begun to seperate 
from the column. 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

, . 
I , 

~" I, 

. LS 3-0
1 

Figure 25· C . olumn web . Yielding at LS30 
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rIGURE 27 --- LOAD HISTORY FOR C,(CLIC Tr:ST SRCC 1C 
DEFORMATION (IN_) 
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I' : : : : : 
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. . . . . . . . . ' . ' . .. ..... . ...... ~ .. . '. . . . . . 

I 
-1 I .... . : . . ... : - .. - ' . ... . :. . .. ". 

I 
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- 2 j . . - • .: . • . . -: - . . - .:- . . - . :. . . . . . • . . . -: . . 

· . . . . . . . . . . . . . . . . . . . . . . . .... · . . . 

· .. . . . . . . . . . ... . .. . ........ . · . . .. . . . . . . . .' . . . . . 

- 3 I . . . . .: . --. .:. . . -.:. -.. -:. . . . . ~ . . . . .:. . . . .:. . -.. :. . . . . :. . . . . : . . . . -:. .. .: 
I . - . . . . . . . . . . 

- 4 I ... - .: ..... : .... -: .... -:. - .. ;. - -.. : ..... : ..... :- .. - -: ..... ; ..... :.. ..: I . . . . . . - - . . . . 

-5 '--: ---.- -: - - ' . . ~ ._-' -'-- ~ - - - ~- .. - ~. ~_.- -_. : L- _ ~ _ _ . __ __ .. ___ . ___ ._ 0,-

o 30 60 90 120 150 180 210 240 270 300 330 360 
LOAD STAGE 
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F igure 28 - Loading scheme ror test SRCCIC 
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FIGURE 29 - COMPLETE LOAD VS. STORY DRIFT CURVE FOR CYCLIC TEST SRCC1C 
COLUIoIN LOAD (KIPS) 

24 1' . . . . . . . . . . . . . .: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. . 
'. . 

I 
. . 

12 ...............:.............. .. ' . . . 

o ....................... .. . . ". . . . . . . . . . . . . . . . ~ 

-12 .............. . ... . . . . '. ' . . . . . . . . . . . . . . '.' . . . . . . . . . . . . . . , 

-24~1--------------7---------------------------------4 -2 0 Z 4 
STORY DRIFT (A) 
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FIGURE 30 - LOAD VS. STORY DRIFT - LL1 - LOAD STAGES 1 TO 61 
COLUMN LOAD (KIPS) 

10 ............ . ..................•........•.. . ... .. ...•..........• 

. . 
5 . . .... ........ .. ' . . . . . . . . . . . . . . . . . . . . . . . . •• ' • • • • • • • • • • • • • • I 

I 
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I 

-5 .............. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . 

- I ~.~50------------~--.2-5 ------------0.-0-0 ·------------0·-.~---- 0.50 
STORY ORIFT (%) 
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FIGURE 31 - LOAD VS . STORY DRIFT - LL2 - LOAD STAGE 61 TO 160 
COLUMN LOAD rrUPS) 

20 . .... ... . ..... ...... . ......................... . '. . . . . . . . . . . . . . . . , 

10 ... ...• . ...... .... ....• . ...... .. .' . . . . . . ... . ..... . . 

o ..... . ....... .... ... .... . ~~ ...................... . 

- 10 ........... . 

- 20_ ..... 
2
---

-1 o i 2 
STORY DRIFT (%) 
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FIGURE 32 - LOAD VS. STORY DRIFT - LL2 - LOAD STAGES 61 TO 94 
COLU~~ LOAD (KIPS) 

20 ....... . ..... . ........•.. . .............•...............•.. . •.....• 

10 ......... ......... . ........ . .......... . • • • • • • '.' • • • • • • • • • • • • • • I 

o .......... . ....... . ............ ............ . .. .. .... .......... . . 

- 10 ..................... . . 

I 

-2!l .... 1 -------.---
- 2 -1 .---------------------- -------------2 o i 

STORY DRIFT (S) 
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FIGURE 33 - LOAD VS. STORY DRIFT - LL2 - LOAD STAGE 94 TO 127 
COWl4Il LOAD (KIPS) 

20 1 ' . , , ' , , , , , . , , ' ':' , , , . . , , . . , , , , , ': ' . ' , , , , . , , , , , , , ':' , , . . ' , . , . . . , . , : 
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- 20_L..
2 
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1 2 
STORY DRIFT [lJ 
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FIGURE 34 - LOAD VS. STORY DRIFT - LL2 - LOAD STAGE 127 TO 160 
COLUMN LOAD (KIPS) 

20 ........ . . .. . ............................. . ............ . ...... . .., 

. . 
10 ................................ . ' . . . . . . . . . . . . . . '. . . • • • • • • • • • • • 1 

o . ... .......... ......... . . 
·~~··· ···.·· ·· · ·······.··1 

- 10 ......... .. . . . . . . . . . . .. ' . . . . . . . . . . . . . . .. , . . . . . . . . . . . . . . . 
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STORY DRIFT (X) 



-------------------
FIGURE 35 - LOAD VS . STORY DRIFT - LL3 - LOAD STAGE 160 TO 213 
COLUMN LOAD (KIPS) 

24 .......... ....... ..... .... . ..... .' . . . . . . . . . . . . . . '.' . . . . . . . . . . . . . . : 
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- 12 . . . . . . . .. , . . . . . . . . . . . . . . '.' . . . . . . . . . . . . . . . 
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STORV DRIFT (%) 
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FIGURE 36 - LOAD VS. STORY DRIFT - LL4 - LOAD STAGE 213 TO 353 
COLUMN LOAD (KIPS) 

24 ................................ .' . . . . . . . . . . . . . . '.' . . . . . . . . . . . . . . : 
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· . . .. 

- 24 '------------------
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FIGURE 37 - COMPLETE MOMENT VS. ROTATION CURVE FOR SRCC1CL 
MOMENT (KIP- IN) 

1600 .. . ........ . .. .. . . . . ... . ........... . ... .. ..... .. . .... . . . ..... . . 

BOO . . . .......... . ... . ........ .. ..... . 

a ........ . . ... . ... . ~¢iI~-;-:-:~ ~~ . .... .. ... .. . .. . . . 

- BOO • .•.•••. • . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... 

- 1600 !-:-_____ .k~=------___::;_-----__:_~-----~ 
~4 -12 0 12 ~ 

ROTATION (mill1Radlans) 
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FIGURE 38 - MOMENT VS. ROTATION - LEFT CONNECTION - LL1 - LS 1 TO 61 
MOMENT O<IP-IN! 

800,·· ··· · ·········.· · ··············. ·· ······ ·· · · ··· : · ......... . . . . . 

400 I . . . . . . . . . . . . . . .:. . . . . . . . . . . . . . . .: . . . . . . . . . . . . . . . . . . . . . . . . . . . 

0 , .............. ' .' ........ . . . . . . . . . . . . . . . ' .' . . . . . . . . . . . . . . . 

-400 ' .............. ' .' . . . . . . . . . . .. . . . . . . . . . . . . . . .. ' . . . . . . . . . . . . . . '. 

I 
I 

- 800_4 - 2 0 2 4 
ROTATION (m1111Rad1ans) 



------------------s 

..... 
00 

FIGURE 39 - MOMENT VS. ROTATION - LEFT CONNECTION - LL2 - LS 61 TO 160 
1oI0MEN! (KIP- IN) 

1600, ···············.···············:· · ········ · ···:·· ....... .. ... . 

800 I .............. -:. . . . . . ......... :. .. . 

0 ' ........ . ..... . . . . . . . . .. . ............. . 

- BOO 4 ••••••• , •• . . . . . '.' . . . . . . . . . . . . . . , . . . . . . . . .. . . . . . '. 

L __ ~L====~~_~ __________ ~ ________ ~ ________ ~ 
- 1600 . 

-16 - 8 0 8 16 
ROTATION la1111Radlans) 



I 
I 
I . . . . . . . . · .. . . . . . · . . . . . . . . . . . . . . . . UI 

~ 
q" 
OJ 

I 
0 
t-

~ 
(0 

I en 
....J 

I C\I 
....J 
....J . . . . . . . · . . . . . . . · . . . . . . . . . . . . . . . . a> 

I 
I 

Z 
0 
H 
t-

I u 
w 
Z "iii Z c: 0 .. 

I u ... 
~ 

t-
.. 
a: 

lL. ... 
W .... 

I 
....J 0:;: 

.!! 
I z 

Z 0 .... 

I 
0 ... 
H ... ... 
t- o « a: 
t-
o 

I a: 

en 
> 

I t- o •••••• · .. .. . . . · . . . . . . . . ... . . . . a> 

Z 
, 

w 
::<: 

I 
0 
:::E 

I Z 

I 
07 
q"Q. ... 
wC!6 

I 
§5ffi 
(!)x 
Ho 

UI lL.x ... 
0 0 0 0 0 ' 

I 
0 0 

~ g UI a> ... .. 
I 

I 
I 79 



I 00 

I 
I ... . .... o 0 0 . ... ........ : . ...... CD ... 

I r--
C\l 
~ 

0 

I 
I-
.q 
C1I 

en 

I -l 

. . . . . . o • . ... . . . . o 0 0 . . . . . . . . . . . . . . CD 
C\l 

I 
-l 
-l 

Z 

I 0 
H 
I-
c.J 'iii 
UJ c: 

II z .. 
z .... .., 
0 III 
c.J cr. .... 
I-

... 
I u.. 0::: 

UJ ~ 
-l 

:z 
C> .... 

I z l-
.e 

0 I-
H e 

I-
cr. 

-< 

I I-
0 
0: 

I 
en 
> CD . . . . . . . o 0 o • o • ..... o 0 0 o 0 0 ...... 
I-

0 1 

Z 
UJ 

I ~ 
0 
~ 

I Z ... 
I .... 1 

.q~ 
UJO!> 
0:1-

I ~ I ffi~ 
He u..x 

0 0 0 0 0 1 

I 
0 0 0 0 
CD ID ID CD 
~ 1 ~ 

1 

I 
I 80 



------------------. B 

00 -

1600 

FIGURE 42 - MOMENT VS. ROTATION - LEFT CONNECTION - LS 127 TO 160 
MOMENT (KIP-IN! 
. . . . . .. . . . . . . . . . . . . . . . .. .. . . . . . . . .. .. . . .. . . .. .. . . .. . . . . . . . . . . . . . . . . . . . . . . 

. . BOO .......... . .•...... . ..... . ..... ... . . 

o ...... .. ...... . . . . . . . . . . , . . . . . . . . . . .. . . . '. 

- BOO •••••... . • ..•.....••..•...•••...... • ..•. • ••.•. • •.•. . •••.•.••... 

-1600 L6--b:==::::::===-.:--------.:.-------~------~ -1 -B 0 8 16 
ROTATION [m1111Rad1Bns) 
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FIGURE 43 - MOMENT VS. ROTATION - LEFT CONNECTION - LL3 - LS 160 TO 213 
MOMENT (KIP-IN) 

1600 t • • • • • • • • • • • • • • '.' • • • • • • • • • • • • • .: • • • • • • • • • • • • • • : • • • • • • • • • • • • • • • 
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-800 I • • • • • • . • • . 11.1 . '0' • • • • • • • • • • • • • '.' • • • • • • • • • • • • •• •••••••••••••• •• 

-1600_~4 -12 0 12 24 
ROTATION (m1111Rad1ans) 
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FIGURE 44 - MOMENT VS. ROTATION - LEFT CONNECTION - LL4 -LS 213 TO 353 
MOMENT (KIP-IN) 

1600 . .................. .. . .........:..............: ... ............ 

. . BOO ••••.• .• ••.•.••.•••• •••.•••. •••.••••••.•. 

. . o . ..... . ....... .... .. . . ........................:............... 

-800 •............. .... . . . ..............• . .• . . . .... .• ..... .......... . 

- 1600 !----------:-::--------------------------
-24 -12 0 12 24 

ROTATION (m1111Rad1ans) 
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FIGURE 45 - COMPLETE MOMENT VS. ROTATION CURVE FOR SRCC1CR 
MOMENT (KIP-IN) 

2000 ............................... .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -

I 
. . 
. . 

1000 ....................... . ........... . I . . 

o I . . . . . . . . . . . . . . .~. . ~~~ ... .... ...... . .... ...... -

- 1000 . . .... ... .. . 

-20003~------------------------------
- 2 -16 0 16 32 

ROTATION (m111iRad1ans) 
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FIGURE 48 - MOMENT YS. ROTATION - RIGHT CONNECTION - LL2 - LS 61 TO 94 
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FIGURE 49 - MOMENT VS. ROTATION - RIGHT CONNECTION - LL2 - LS 94 TO 127 
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FIGURE 50 - MOMENT VS. ROTATION - RIGHT CONNECTION - LL2 - LS 127 TO 160 
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FIGURE 51 - MOMENT VS. ROTATION - RIGHT CONNECTION - LL3 - LS 160 TO 213 
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FIGURE 52 - MOMENT VS. ROTATION - RIGHT CONNECTION - LL4 - LS 213 TO 353 
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FIGURE 53 - COMPARISON OF MOMENT-ROTATION CURVES - LS 127 TO 151 
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FIGURE 54 - COMPARISON OF MOMENT ROTATION CURVES - LS 160 TO 179 
MOMENT (KIP-IN) 
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Figure 55 - Idealized loop - bare steel connection 
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Figure 56 - Idealized loop - compos ite connceiton 
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Figure 57 - Yielding of column web (LSl08) 

Figure 58 - Opening of slab cracks 
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Figure 59 - Seperation of tension angle. Note that the web 
angles have also seperated from the column 
flange. 
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Figure 60 - Specimen in loading frame 
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Figure 61· Instrumentation at flange angle 

Figure 62· Cracking of slab at LS178 
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FIGURE 63 - MOMENT-ROTATION CURVES FOR SRCC1ML AND SRCC1CR 
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FIGURE 64 - MOMENT VS. ROTATION - GL2 AND GL3 WITH LL1 AND LL2 
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Fi gure 68 - Stress-Strain model for scat an gles 
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Figure 69 - Stress-Strain model for web angles 
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Fi gure 70 - F inite element mesh for seat angle. Note that 
only 1/2 of the angle needs to be modeled 
due to symetry. 
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