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ABSTRACT 

 

When required in the moment connection design for Special Moment Frames, AISC 

341 provides a prescriptive requirement for the continuity plate thickness and specifies 

complete-joint-penetration (CJP) groove welds to connect the continuity plates to the 

column flanges.  Recently, Tran et al. (2013) proposed a procedure that gives the designer 

freedom in sizing the continuity plate thickness and using alternate (i.e., economical) weld 

joints. In this research, full-scale testing of two one-sided moment connection specimens 

with a Reduced Beam Section (RBS) was conducted to verify the adequacy of this design 

procedure.  In designing the test specimens, the original procedure was slightly modified 

so that the strength check of the continuity plate included not only normal and shear forces 

but also moment in the plane of the continuity plate.  The specimen design followed AISC 

341 and 358, except that the continuity plate thickness and welds were sized based on the 

modified procedure. The design resulted in fillet welds to connect the continuity plates to 

the columns.  One specimen used a deep (W24) column, and the other one had a shallow 

(W14) column.  To evaluate the effect of yielding in the continuity plates, these plates for 

the shallow column specimen were undersized.  The specimens were also designed such 

that significant shear yielding in the panel zones would result in kinking of the column 

flanges to further “challenge” the fillet welds. 

Test results showed that these two RBS connections performed as expected and met 

the 0.04 rad. story drift requirement of AISC 341. No sign of damage was observed in the 

fillet weld joints.  The connection performance was still satisfactory when continuity 

plates were yielded.  The shallow-column specimen performed better than the one with a 

deep column; the latter was prone to column twisting despite that additional lateral 

bracing was provided at the beam top flange to simulate the concrete slab restraining 

effect.  Before the proposed design procedure can be implemented, recommendations 

were made to further the encouraging findings from this pilot test program. 
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1 INTRODUCTION 

 

1.1 Statement of Problem 

Steel Special Moment Frames (SMF) are one of the most popular seismic-force-

resisting systems due to their architectural versatility.  The beam-to-column moment 

connections play a critical role in SMF performance since they transfer bending moments.  

The resulting concentrated beam flange forces at column face are very high.  These forces 

can cause column local flange bending (LFB), column web local yielding (WLY), and 

beam flange complete-joint-penetration (CJP) weld fracture due to stress concentration.  

To meet the requirements of these limit states, column transverse stiffeners (or continuity 

plates) at the beam flange levels are often required in accordance with AISC 341, Seismic 

Provisions for Structural Steel Buildings (AISC 2010a).  Continuity plates, when required, 

add a significant amount of fabrication cost because a total of four continuity plates are 

required at each connection and CJP welds are required by AISC 341 to connect these 

plates to the column flanges. 

The stringent welding requirements for continuity plates were established primarily 

to reflect how moment connection specimens tested in the past were fabricated.  Another 

reason for having this conservative requirement is that no mechanics-based procedure that 

allows the designer to calculate the required forces in the continuity plate is available.  

Recently, Tran et al. (2013) proposed a flexibility-based procedure to fill this gap.  This 

procedure opens the door for using non-CJP welds (i.e., fillet welds or partial-joint-

penetration groove welds) to connect continuity plates to the column.  In this report, an 

experimental verification of this design procedure (with a slight modification to it) is 

documented. 

1.2 AISC Design Requirements for SMF Continuity Plates and Welds 

Section E3.6f of AISC 341 stipulates that continuity plates are not required when the 

column flange thickness meets the following two requirements: 

𝑡𝑐𝑓 ≥ 0.4√1.8𝑏𝑏𝑓𝑡𝑏𝑓
𝑅𝑦𝑏𝐹𝑦𝑏

𝑅𝑦𝑐𝐹𝑦𝑐
 (1.1) 
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𝑡𝑐𝑓 ≥
𝑏𝑏𝑓

6
 (1.2) 

where 

𝐹𝑦𝑏 = specified minimum yield stress of the beam flange, 

𝐹𝑦𝑐 = specified minimum yield stress of the column flange, 

𝑅𝑦𝑏 = ratio of the expected yield stress to the specified minimum yield stress of the 

beam, 

𝑅𝑦𝑐 = ratio of the expected yield stress to the specified minimum yield stress of the 

column, 

𝑏𝑏𝑓 = beam flange width, 

𝑡𝑏𝑓 = beam flange thickness, and 

𝑡𝑐𝑓 = column flange thickness. 

Equation (1.1) is obtained by equating the strength associated with the LFB limit state 

(𝑅𝑛 = 6.25𝑡𝑐𝑓
2 𝐹𝑦𝑐) to an approximate beam flange axial force of 𝑃𝑢𝑓 = 1.8𝑏𝑏𝑓𝑡𝑏𝑓𝐹𝑦𝑏 and 

solving for 𝑡𝑐𝑓; 𝐹𝑦𝑏 and 𝐹𝑦𝑐 are replaced by the expected yield stresses 𝑅𝑦𝑏𝐹𝑦𝑏 and 𝑅𝑦𝑐𝐹𝑦𝑐, 

respectively, in the above derivation.  Equation (1.2) is based on the deformation of the 

column flange and is related to low-cycle fatigue failure (Ricles et al. 2000).  Where 

continuity plates are required, the thickness of the plates shall be determined as following: 

(a) for one-sided connections, continuity plate thickness shall be at least one-half of the 

thickness of the beam flange, and 

(b) for two-sided connections, the continuity plate thickness shall be at least equal to the 

thicker of the two beam flanges on either side of the column. 

AISC 341 requires that continuity plates be welded to the column flanges using CJP 

groove welds.  Continuity plates can be welded to the column web using either groove 

welds or fillet welds.  The required strength of the sum of the welded joints of the continuity 

plates to the column web shall be the smallest of the following: 

(a) the sum of the design strengths in tension of the contact areas of the continuity plates 

to the column flanges that have attached beam flanges, 

(b) the design strength in shear of the contact area of the plate with the column web, 

(c) the design strength in shear of the column panel zone, and 
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(d) the sum of the expected yield strengths of the beam flanges transmitting force to the 

continuity plates. 

Note in the 2016 edition of AISC 341 that items (c) and (d) have been replaced by the 

design shear strength of the column web when the continuity plate is welded to the column 

web, or the design shear strength of the doubler plate when the continuity plate is welded 

to an extended doubler plate. 

In this report, welds between the continuity plate and the column flanges are defined 

as the flange welds, and the weld between the continuity plate and the column web is 

defined as the web weld. 

1.3 Flexibility-Based Formulation by Tran et al. (2013) 

The procedure originally proposed by Tran et al. (2013) and subsequently modified 

slightly in this study is summarized below.  Representing the beam flange force as 

𝑃𝑢𝑓 = 𝐶𝑝𝑓𝑅𝑦𝑏𝑏𝑏𝑓𝑡𝑏𝑓𝐹𝑦𝑏 (1.3) 

AISC 341 assumes the beam flange force adjustment factor, 𝐶𝑝𝑓, is equal to 1.8 to establish 

the minimum column flange thickness requirement in Eq. (1.1) when continuity plates are 

not required.  While this assumed value is reasonable for the pre-Northridge type welded 

flange-bolted web moment connections, where the bolted web is ineffective in contributing 

to the moment resistance, Tran et al. (2013) showed that this assumption, and hence Eq. 

(1.1), is conservative for some post-Northridge moment connections like the Reduced 

Beam Section (RBS) or Welded Unreinforced Flange-Welded Web (WUF-W) moment 

connections; the beam web of these connections is directly welded to the column flange 

with a CJP weld.  Based on finite element analysis, the following 𝐶𝑝𝑓 values were 

recommended by Tran et al. (2013) for use in Eqs. (1.1) and (1.3): 

(a) for RBS connection: 𝐶𝑝𝑓 = 1.25 (1.4) 

(b) for WUF-W connection: 𝐶𝑝𝑓 = 1.75 (1.5) 

With a significantly lower 𝐶𝑝𝑓 value for the RBS connection, continuity plates that are 

required per AISC 341 may be unnecessary. 
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When continuity plates are required, the beam flange axial force, 𝑃𝑢𝑓, is apportioned 

to each continuity plate based on the following equation (Tran. et al. 2013): 

𝑃𝑐𝑝 =
𝑃𝑢𝑓

2
(
𝑏𝑏𝑓 − 𝑡𝑝𝑧 − 2𝑡𝑐𝑓

𝑏𝑏𝑓
)(

𝐵𝑐𝑓

𝐵𝑐𝑓 + 𝐵𝑐𝑝
) (1.6) 

where 

𝑏𝑏𝑓 = beam flange width, 

𝑡𝑝𝑧 = panel zone thickness, 
 

𝑡𝑐𝑓 = column flange thickness, 
 

𝐵𝑐𝑓 = column flange out-of-plane flexibility coefficient 
 

= 0.26
𝑏2

𝐸𝑡𝑐𝑓
3 +

0.4 [1 + 0.09 ln (
𝑏
𝑡𝑐𝑓
)]

𝐺𝑡𝑐𝑓
 

 

𝐸 = Modulus of elasticity of steel = 29,000 ksi, 
 

𝐺 = Shear modulus of elasticity of steel = 11,200 ksi, 
 

𝑏 = 𝑏𝑐𝑙𝑖𝑝 + 𝑏𝑛 (total width of continuity plate),  
 

𝑏𝑐𝑙𝑖𝑝 = corner clip size, 
 

𝑏𝑛 = net width of continuity plate, 
 

𝐵𝑐𝑝 = continuity plate in-plane flexibility coefficient 
 

=
0.42 − 𝐶

𝐺𝑡
+

𝑏3

𝐸𝑑3𝑡
 

𝐶 = 0 for interior connections, and for exterior connections:  

= 0.6 (
𝑏

𝑑
) − 0.14 ≥ 0 

See Tran et al. (2013) for the derivation of Eq. (1.6).  Following the procedure, one can 

compute the required forces along three edges of the continuity plate (Figure 1.1).  To 

ensure that the continuity plates have a sufficient in-plane stiffness, the designer then 

checks the local flange bending and web local yielding limit states (AISC 2010c) of the 

column for the portion of the beam flange force that will be transmitted from the beam 

flange to the column web directly: 
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𝑃𝑢𝑓 − 2𝑃𝑐𝑓 ≤ 𝜙𝑅𝑛 (1.7) 

Figure 1.1 shows that the edges of the continuity plate next to the loaded column 

flanges are subjected to both normal and shear forces; the shear force is needed to satisfy 

moment equilibrium.  The Von-Mises yield criterion is then used by Tran et al. to check 

the strength of the continuity plates:  

(
𝑃𝑐𝑝

𝐹𝑦𝑐𝑝𝐴𝑛
)

2

+

(

 
𝑉𝑐𝑝

𝐹𝑦𝑐𝑝

√3
𝐴𝑛)

 

2

≤ 1.0 (1.8) 

where from moment equilibrium the shear force is  

𝑉𝑐𝑝 = (
0.6𝑏

𝑑
)∑𝑃𝑐𝑝 (1.9) 

𝐹𝑦𝑐𝑝 = yield stress of continuity plate, 

𝑑 = depth of continuity plate, 

𝑡𝑐𝑝 = thickness of continuity plate, and 

𝐴𝑛 = 𝑏𝑛𝑡𝑐𝑝. 

When Eq. (1.8) is satisfied, either fillet welds or partial-joint-penetration groove 

welds can be used to connect the continuity plates to the column flanges.  If not, Tran et al. 

suggested that complete-joint-penetration (CJP) groove welds still be used because 

continuity plates are expected to yield.  To avoid the use of CJP welds, however, an 

alternative is to increase the thickness of the continuity plates such that Eq. (1.8) is satisfied. 

In designing the specimens for this test program, some modifications were made to 

Eq. (1.8).  By ignoring the corner clips in the continuity plates, Tran et al. (2013) suggested 

that the normal force, 𝑃𝑐𝑝, be located at a distance 0.6b from the column web (Figure 1.1), 

and the moment produced by this force with an eccentricity with respect to the center of 

the net width of the continuity plate was ignored in checking the strength in Eq. (1.8).  

Reviewing the work of Neal (1961) and Astaneh-Asl (1998), Dowswell (2015) suggested 

an M-V-P yield criterion, which can be re-written for checking the continuity plate strength 

as the following: 
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(
𝑃𝑐𝑝𝑒

𝑍𝑥𝑛𝐹𝑦𝑐𝑝
) + (

𝑃𝑐𝑝

𝐹𝑦𝑐𝑝𝐴𝑛
)

2

+

(

 
𝑉𝑐𝑝

𝐹𝑦𝑐𝑝

√3
𝐴𝑛)

 

4

≤ 1.0 (1.10) 

where 𝑍𝑥𝑛 is the plastic section modulus of the net section: 

𝑍𝑥𝑛 =
𝑡𝑐𝑝𝑏𝑛

2

4
 (1.11) 

Refer to Figure 1.2(a) for a continuity plate in a two-sided (i.e., interior) moment 

connection, where corners are clipped to clear the k-area of the column section.  Freebody 

3 in Figure 1.2(c) shows that the normal force Pcp acts at a distance 0.6b from the column 

web.  Moment equilibrium requires that 

𝑉𝑐𝑝 = (
0.6𝑏

𝑑 − 2𝑏𝑐𝑙𝑖𝑝
)∑𝑃𝑐𝑝 (1.12) 

Next consider Freebody 1 or 2. The corner clip causes the normal force at the edge of the 

net width to shift by an amount 𝑒∗ to satisfy moment equilibrium: 

𝑒∗ =
𝑏𝑐𝑙𝑖𝑝𝑉𝑐𝑝

𝑃𝑐𝑝
 (1.13) 

Therefore, the moment produced by the eccentrically loaded 𝑃𝑐𝑝 at the center of the net 

width equals 𝑒𝑃𝑐𝑝, where  

𝑒 = 0.6𝑏 + 𝑒∗ − (𝑏𝑐𝑙𝑖𝑝 + 0.5𝑏𝑛) (1.14) 

The same approach can be applied to the continuity plate in a one-sided (i.e., exterior) 

moment connection.  But the shear force calculation needs to be modified.  As shown in 

Figure 1.3, it is assumed that the normal force at the non-loaded column flange side of the 

continuity plate equals zero.  Therefore, the shear force is 

𝑉𝑐𝑝 = (
0.6𝑏

𝑑 − 𝑏𝑐𝑙𝑖𝑝
)𝑃𝑐𝑝 (1.15) 

Equation (1.10), not Eq. (1.8), was used to design the continuity plates in this test program. 
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The procedure to design the fillet welds follows.  

(a) Design the flange weld for the required resultant force, 𝑅𝑐𝑝: 

𝜙𝑅𝑛 ≥ 𝑅𝑐𝑝 (1.16) 

where  

𝑅𝑐𝑝 = √𝑃𝑐𝑝2 + 𝑉𝑐𝑝2  (1.17) 

The design strength for 2-sided fillet welds is: 

𝜙𝑅𝑛 = 2(𝜙)(0.6)𝑡𝑒𝑏𝑛𝐹𝐸𝑋𝑋(1.0 + 0.5 sin
1.5 𝜃) (1.18) 

where  

𝜙 = 0.75, 

𝑡𝑒 = effective throat of  the fillet weld, 

𝐹𝐸𝑋𝑋 = minimum specified ultimate strength of the weld, 

𝜃 = angle of the resultant force, 𝑅𝑐𝑝, measured from the weld longitudinal axis: 

= tan−1
𝑃𝑐𝑝

𝑉𝑐𝑝
 

(b) Check the flange weld at the location of maximum tensile stress, 𝑞𝑚𝑎𝑥: 

𝑞𝑚𝑎𝑥 =
1.6𝑃𝑐𝑝

𝑏𝑛
 (1.19) 

When 2-sided fillet welds are used, the value of 𝑞𝑚𝑎𝑥 cannot exceed the unit-length design 

strength, which can be computed by using Eq. (1.18) with 𝑏𝑛 = 1.0. 

(c) Check maximum shear stress in the flange weld, 𝜏𝑚𝑎𝑥: 

𝜏𝑚𝑎𝑥 =
2𝑉𝑐𝑝

𝑏𝑛
 (1.20) 
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(d) Design the web weld for a required shear force equal to the summation of force 

allocated to the continuity plate, ∑𝑃𝑐𝑝, as shown in Figure 1.1(a).  For exterior moment 

connections [Figure 1.1(b)], the required shear force equals 𝑃𝑐𝑝.  

𝜙𝑅𝑛 ≥ ∑𝑃𝑐𝑝 (1.21) 

For 2-sided fillet welds, the design strength is computed as: 

𝜙𝑅𝑛 = 2(𝜙)(0.6)𝑡𝑒𝑙𝑤𝐹𝐸𝑋𝑋 (1.22) 

where 

𝑙𝑤 = length of the web weld. 

Tran et al. proposed that a 𝜙 value of 0.9 be used for designing the fillet welds. In this test 

program, however, it was decided to use the 𝜙 value (= 0.75) per AISC 360.  Also, it was 

judged that using Eqs. (1.19) and (1.20) to check the local stresses are too stringent and 

conservative.  Test results to be presented later showed that no damage was observed in 

the fillet welds even though these two equations were not used in design. 
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(a) Interior Connection 

 

(b) Exterior Connection 

Figure 1.1 Freebody Diagram of a Continuity Plate 

(Adopted from Tran et al. 2013) 
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(a) Geometry of Continuiy Plate 

 

(b) Freebody 1  (c) Freebody 3  (d) Freebody 2  

Figure 1.2 Continuity Plate Freebody Diagrams (Interior Connection) 

 

 

 (a) Geometry of Continuiy Plate 

 

(b) Freebody 1 (c) Freebody 2 

Figure 1.3 Continuity Plate Freebody Diagrams (Exterior Connection) 

  

1 3 2

1 2
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2 TEST PROGRAM 

 

2.1 Design of Test Specimens 

2.1.1 Specimens Sizes 

A W30×116 beam connected to a W24×176 “deep” column was selected for 

Specimen C1, whereas a W36×150 beam connected to a W14×257 “shallow” column was 

chosen for Specimen C2.  Column height, ℎ, was 16 ft and the beam span, 𝐿, was 15 ft. 

Table 2.1 shows the cross-sectional dimensions of the beams and the columns. 

2.1.2 Moment Connection Design 

The reduced beam section (RBS) connection was used for both specimens.  The RBS 

design was carried out per AISC 358 (AISC 2010b); strong-column/weak-beam condition 

and panel zone strength satisfied the AISC 341 requirements.  But continuity plates and 

welds were designed per the proposed flexibility-based procedure.  Figure 2.1 and Figure 

2.2 show the connection detail of both specimens.   

A summary of key design parameters of each specimen is listed in Table 2.2.  While 

satisfying the panel zone strength requirement in AISC 341, note the demand-capacity 

ratios (DCR) were high (0.9 and 0.95 for Specimens C1 and C2, respectively) so column 

flange kinking due to panel zone shear yielding would “challenge” the fillet welds 

connecting the continuity plates to the column flanges.  For Specimen C2 with a shallow 

(W14) column, note the required shear force, Vcp (= 62.8 kips), acting on the continuity 

plate and flange weld is significant. 

A comparison of the continuity plate and weld design based on the flexibility-based 

procedure and AISC 341 is summarized in Table 2.3.  The proposed design called for a 

continuity plate thickness of 7/8 in. for Specimen C2. AISC 341 implicitly assumes that 

continuity plates should remain essentially elastic.  Since the effect of yielded continuity 

plates has never been reported in the literature, it was decided to use 5/8 in. thick continuity 

plates instead. A comparison of the welds for the continuity plates based on both 

procedures is also provided in the table.  Although the proposed procedure called for 

thicker continuity plates, fillet welds, not CJP welds, were used for the flange welds.  
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Table 2.4 summarizes the components of Eq. (1.10) for the continuity plate design 

of both specimens.  The continuity plates of Specimen C2 were significantly under-sized; 

the demand-capacity ratio was 1.31.  The shear force component was minimal for the deep-

column Specimen C1, mainly because the depth of the continuity plates was larger [Eq. 

(1.15)].  For the shallow-column Specimen C2, both shear and moment components were 

significant.  Also, note that the moment component played a more significant role than the 

shear component in checking the plate strength for both specimens. Therefore, it is not 

appropriate to ignore the moment component and use Eq. (1.8) to check the strength of 

continuity plates. 

2.2 Test Setup  

The overall geometry of each test setup is shown in Figure 2.3.  The inflection points 

were assumed to be at the mid-height of each story. Inflection points were simulated by 

mounting the column ends to two W14×257 hinge sections on its back side and a W14×342 

on its bottom positioned to experience weak-axis bending (see Figure 2.4 for the hinges 

used in the testing of Specimen C2 which were identical for both Specimens).  A corbel 

was bolted to the free end of the beam and attached to two 500-kip hydraulic actuators.  

Lateral restraint was provided on both sides of the specimens at two locations, one at corbel 

location and one at 10 ft-3¼ in. from the centerline of the column.  For Specimen C1, which 

utilized a deep column, two extra lateral restraints were provided.  One was a bracing 

provided for the beam top flange near RBS location to simulate the slab restraining effect 

and the second was at the top end of the column.  The second lateral restraint was a 

2L3×2×1/2 strut to provide lateral support against twisting at the top end of the column; a 

deep column without the presence of a concrete slab was shown to prone to twisting (Chi 

and Uang 2002).  The lateral restraint assembly is illustrated in Figure 2.5 for both 

specimens.  Figure 2.6 shows the beam bracing and column top bracing for Specimen C1. 

2.3 Specimen Construction and Inspection 

All the continuity plate welds were done in a commercial fabricator’s shop.  The 

beams and the columns were delivered to UCSD.  To simulate the field conditions, all 

specimens were erected in the upright position and then welding of the beam flanges and 

the web to the column flange were conducted in the test laboratory, see Appendix C for the 
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Welding Procedure Specifications.  Ultrasonic (UT) testing of all CJP welds was conducted 

by a certified inspector.  See Appendix D for the inspection reports. 

2.4 Material Properties 

ASTM A992 steel was specified for the beams and columns.  The continuity plates 

were fabricated from ASTM A572 Gr. 50 steel.  Table 2.5 summarizes the steel mechanical 

characteristics obtained from both tensile coupon tests conducted at UCSD (Appendix A) 

and the Certified Mill Test Reports (Appendix B).  Table 2.6 shows the chemical 

composition of the materials obtained from the Certified Mill Test Reports. 

2.5 Instrumentation 

A combination of displacement transducers, strain gage rosettes, and uniaxial strain 

gages were used to measure the global and local responses.  Figure 2.7 shows the location 

of displacement transducers.  Displacement transducer L1 was used to control the stroke 

of the hydraulic actuators and at the same time used to monitor the beam end displacement.  

L2 was used to detect any slippage between the corbel and the beam end plate.  L3 and L4 

were used to monitor the panel zone shear deformation.  L5 and L6 were used to monitor 

the column deformation.  L7, L8, and L9 were used to monitor displacements at the column 

end supports, which were anticipated to be negligible. 

Rosettes and uni-axial strain gages were used to measure the strains in the connection 

region (see Figure 2.8 and Figure 2.9). 

2.6 Data Reduction 

The total Inelastic Rotation (θp) of the specimen was calculated by dividing the 

inelastic component of the beam tip displacement (δp), measured at the actuator line of 

action, by the beam span length from the column centerline to the actuator line of action: 

θp=
δp

L
=

1

L
(δtotal − δe)=

1

𝐿
(δtotal −

P

K
) (2.1) 

where δtotal is the total beam tip deflection measured by displacement transducer L1, P is 

the applied load, and K is the elastic stiffness determined from the initial low-amplitude 

test results.  The panel zone component was determined from displacement transducers L3 

and L4.  Together with the measurement of transducers L5 and L6, the component of the 
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total beam tip deflection due to the column deformation can also be established (Uang and 

Bondad, 1996). 

2.7 AISC Acceptance Criteria 

Per Section E3.6b of AISC 341, beam-to-column connections used in Special 

Moment Frames shall satisfy the following requirements:  

(1) The connection shall be capable of accommodating a story drift angle of at least 0.04 

rad. 

(2) The measured flexural resistance of the connection, determined at the column face, 

shall equal at least 0.8𝑀𝑝 of the connected beam at a story drift angle of 0.04 rad, where 

𝑀𝑝 is the nominal plastic moment of the beam. 

2.8 Loading Sequence 

Testing was conducted in a displacement control mode.  The loading sequence used 

for all specimens was the standard AISC loading sequence specified in Section K2 of AISC 

341.  This loading sequence specifies a series of load cycles at different Story Drift Angles 

(hereinafter referred to as “drift”), with the distance from the column centerline to actuator 

line of action being used in calculating the drift angle.  The loading history begins with six 

cycles each at 0.00375, 0.005, and 0.0075 rad drifts.  These are followed by four cycles at 

0.01 rad drifts, two cycles at 0.015 rad drifts, two cycles at 0.02, 0.03, 0.04 rad drifts, etc. 

up until failure.  It should be noted that in testing of Specimen C2, after successful 

completion of 0.05 rad drift cycles, it was decided to skip the 0.06 rad drift cycles before 

one cycle at 0.07 rad drift was applied. 
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Table 2.1 Member Sizes and Cross Sectional Dimensions 

Spec. No. Member d (in) tw (in) h/tw bf (in) tf (in) bf/2tf 

C1 

Beam 

(W30×116) 
30.0 0.565 47.8 10.5 0.85 6.17 

Column 

(W24×176) 
25.2 0.75 28.7 12.9 1.34 4.81 

C2 

Beam 

(W36×150) 
35.9 0.625 51.9 12.0 0.94 6.37 

Column 

(W14×257) 
16.4 1.18 9.71 16.0 1.89 4.23 

 

Table 2.2 RBS Connection Key Design Parameters  

(a) Specimen C1: W30×116 Beam Connected to a W24×176 Column 

RBS Dimensions: 𝑎 = 7 in., 𝑏 = 25 in., 𝑐 = 2 in. 

Plastic Section Modulus of RBS Section, 𝑍𝑅𝐵𝑆 = 278.9 in3; 
𝑍𝑅𝐵𝑆

𝑍𝑏𝑒𝑎𝑚
= 0.74 

Probable maximum moment, 𝑀𝑝𝑟 = 1470 kip-ft 

Shear force at the center of the RBS, 𝑉𝑅𝐵𝑆 = 119.3 kips 

Probable maximum moment at the face of the column, 𝑀𝑓 = 1664 kip-ft 

Plastic moment of the beam based on the expected yield stress, 𝑀𝑝𝑒 = 1732.5 kip-ft 

𝜙𝑑𝑀𝑝𝑒 = 1732.5 ≥ 𝑀𝑓 = 1664 kip-ft (OK) 

Strong-Column/Weak-Beam Check:  
∑𝑀𝑝𝑐

∗

∑𝑀𝑝𝑏
∗ = 2.38 ≥ 1.0 (OK) 

Panel Zone Demand-Capacity Ratio (DCR) = 
573.11

636.5
= 0.9 ≤ 1.0 (OK) 

No Doubler Plates Required 

Continuity Plate Flange Weld Forces (Normal, Shear, and Resultant): 

𝑃𝑐𝑝 = 157.6 kips, 𝑉𝑐𝑝 = 26.7 kips, 𝑅𝑐𝑝 = √𝑃𝑐𝑝2 + 𝑉𝑐𝑝2 = 159.8 kips 

Continuity Plate Web Weld Force (Shear): ∑𝑃𝑐𝑝 = 157.6 kips 

Continuity plate thickness,𝑡𝑐𝑝 = 3/4 in. 

Continuity Plate-to-Column Flange Weld: 9/16 in. (Fillet Welds) 

Continuity Plate-to-Column Web Weld: 5/16 in. (Fillet Welds) 
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Table 2.2 RBS Connection Key Design Parameters (continued) 

(b) Specimen C2: W36×150 Beam Connected to a W14×257 Column 

RBS Dimensions: 𝑎 = 7 in., 𝑏 = 25 in., 𝑐 = 2.5 in. 

Plastic Section Modulus of RBS Section, 𝑍𝑅𝐵𝑆 = 416.7 in3; 
𝑍𝑅𝐵𝑆

𝑍𝑏𝑒𝑎𝑚
= 0.72 

Probable maximum moment, 𝑀𝑝𝑟 = 2196.3 kip-ft 

Shear force at the center of the RBS, 𝑉𝑅𝐵𝑆 = 173.1 kips 

Probable maximum moment at the face of the column, 𝑀𝑓 = 2477 kip-ft 

Plastic moment of the beam based on the expected yield stress, 𝑀𝑝𝑒 = 2662.9 kip-ft 

𝜙𝑑𝑀𝑝𝑒 = 2662.9 ≥ 𝑀𝑓 = 2477 kip-ft (OK) 

Strong-Column/Weak-Beam Ratio: 
∑𝑀𝑝𝑐

∗

∑𝑀𝑝𝑏
∗ = 1.56 ≥ 1.0 (OK) 

Panel Zone Demand-Capacity Ratio (DCR) = 
688.2

723.8
= 0.95 ≤ 1.0 (OK) 

No Doubler Plates Required 

Continuity Plate Flange Weld Forces (Normal, Shear, and Resultant): 

𝑃𝑐𝑝 = 157 kips, 𝑉𝑐𝑝 = 62.8 kips, 𝑅𝑐𝑝 = √𝑃𝑐𝑝2 + 𝑉𝑐𝑝2 = 169.1 kips 

Continuity Plate Web Weld Force (Shear): ∑𝑃𝑐𝑝 = 157 kips 

Continuity plate thickness: 𝑡𝑐𝑝= 5/8 in. 

Continuity Plate-to-Column Flange Weld: 1/2 in. (Fillet Welds) 

Continuity Plate-to-Column Web Weld: 9/16 in. (Fillet Welds) 
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Table 2.3  Comparison of Continuity Plate and Weld Design 

 

Specimen C1 Specimen C2 

Proposed 

Procedure 
AISC 341 

Proposed 

Procedure 
AISC 341 

Required 

Continuity Plate 

Forces (kips) 

𝑃𝑐𝑝 = 157.6 

𝑉𝑐𝑝 = 26.7 
N.A. 

𝑃𝑐𝑝 = 157.0 

𝑉𝑐𝑝 = 62.8 
N.A. 

Continuity Plate 

Thickness 
3/4 in. 

1/2 in. 

(= 𝑡𝑏𝑓/2) 
5/8 in. 

1/2 in. 

(= 𝑡𝑏𝑓/2) 

Continuity Plate-

to-Column Flange 

Weld 

Fillet Weld 

(9/16  in.) 
CJP Weld 

Fillet Weld 

(1/2  in.) 
CJP Weld 

Continuity Plate-

to-Column Web 

Weld 

Fillet Weld 

(5/16 in.) 

Fillet Weld 

(3/16 in.) 

Fillet Weld 

(9/16  in.) 

Fillet Weld 

(3/8  in.) 

 

 

Table 2.4 Strength Check of Continuity Plates  

Specimen  

No. 

Equation (1.10) 

Moment 

Component, 

Normal Force 

Component, 

Shear Force 

Component, 

∑ 
(
𝑃𝑐𝑝𝑒

𝑍𝑥𝑛𝐹𝑦𝑐𝑝
) (

𝑃𝑐𝑝

𝐹𝑦𝑐𝑝𝐴𝑛
)

2

 

(

 
𝑉𝑐𝑝

𝐹𝑦𝑐𝑝

√3
𝐴𝑛)

 

4

 

C1 0.14 0.78 0.01 0.93 

C2 0.36 0.80  0.15  1.31  
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Table 2.5 Base Metal Mechanical Properties 

Spec. 

No. 
Component Steel Type/ 

Heat No. 

Yield 

Stress 

(ksi)a 

Tensile 

Strength 

(ksi) 

Elong. 

(%)b 

C1 

Beam Flange 

(W30×116) A992 

443484 

56.9 

(56.5)b 

75.6 

(72.0)b 

34.5 

(28.0)b 

Beam Web  

(W30×116) 
58.5 73.2 39.5 

Column Flange 

(W24×176) A992 

442208 

57.2 

(57.5)b 

70.6 

(72.5)b 

39.1 

(27.0)b 

Column Web 

(W24×176) 
58.5 72.2 37.3 

Continuity Plate 

(3/4 in.) 

A572 Gr. 50 

SB15106 

68.1 

(58.0)b 

85.6 

(81.0)b 

36.9 

(25.0)b 

C2 

Beam Flange 

(W36×150) A992 

60114091/04 

53.5 

(57.0)b 

74.9 

(75.1)b 

38.3 

(26.4)b 

Beam Web  

(W36×150) 
57.9 74.7 38.1 

Column Flange 

(W14×257) A992 

317275 

52.3 

(57.0)b 

74.3 

(75.0)b 

37.7 

(26.0)b 

Column Web 

(W14×257) 
54.8 74.8 38.6 

Continuity Plate 

(5/8 in.) 

A572 Gr. 50 

813K75180 

54.1 

(57.6)b 

79.8 

(82.6)b 

35.1 

(22.5)b 
a Yield strength determined by the 0.2% strain offset method. 
b Values in parentheses from Certified Mill Test Reports, others from testing at UCSD. 
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Table 2.6 Chemical Compositions for Components from Mill Certificates 

Spec.

No. 
Member C Mn P S Si Cu Ni Cr Mo V CE 

C1 

Beam 

(W30×116) 
0.080 1.130 0.016 0.027 0.230 0.250 0.100 0.140 0.040 0.000 0.330 

Column 

(W24×176) 
0.080 1.360 0.018 0.018 0.210 0.220 0.100 0.140 0.030 0.060 0.370 

Continuity 

Plate (3/4 in.) 
0.147 1.383 0.014 0.002 0.346 0.010 0.008 0.023 0.002 0.003 0.384 

C2 

Beam 

(W36×150) 
0.100 1.170 0.011 0.028 0.230 0.380 0.170 0.150 0.044 0.002 0.370 

Column 

(W14×257) 
0.070 1.360 0.018 0.023 0.320 0320 0.090 0.110 0.020 0.050 0.370 

Continuity 

Plate (5/8 in.) 
0.180 1.220 0.013 0.004 0.279 0.024 0.010 0.040 0.005 0.056 0.406 

 

 

  

1556

CuNiVMoCrMn
CCE
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(a) Plan View 

 

(b) Elevation View 

Figure 2.1 Specimen C1 Connection Detail  

 

  



 21 

 

(a) Plan View 

 

(b) Elevation View 

Figure 2.2 Specimen C2 Connection Detail  
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Note: Lateral bracing system not shown 

(a) Specimen C1 

Figure 2.3 Test Setup 
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Note: Lateral bracing system not shown 

(b) Specimen C2 

Figure 2.3 Test Setup (continued) 
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(a) Top End 

 

(b) Bottom End 

Figure 2.4 Hinge Supports 
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(a) Plan View 

  

(b) View from West (c) View from South-East 

Figure 2.5 Beam Lateral Bracing System 
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(a) Plan View 

  

(b) View from East (c) View from West 

 

(d) Column Top Bracing 

Figure 2.6 RBS and Column Top Bracings (Specimen C1 with a Deep Column) 
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Figure 2.7 Location of Displacement Transducers 
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(a) Elevation (West View) (b) Elevation (Front View) 

  

(c) View A-A 

Figure 2.8 Specimen C1 Strain Gage and Rosette Locations  
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(c) View B-B 

Figure 2.8 Specimen C1 Strain Gage and Rosette Locations (continued) 
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(a) Elevation (West View) 

Figure 2.9 Specimen C2 Strain Gage and Rosette Locations 
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(b) View A-A 

 

(c) View B-B 

Figure 2.9 Specimen C2 Strain Gage and Rosette Locations (continued) 
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(a) Specimen C1 

 

 

(b) Specimen C2 

Figure 2.10 Loading Protocol 
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3 TEST RESULTS 

 

3.1 Specimen C1 

3.1.1 Observed Performance 

Figure 3.1 shows the specimen prior to testing.  At 0.01 rad drift, minor yielding of 

beam top and bottom flanges was observed (Figure 3.2).  At the end of the second cycle of 

-0.015 rad drift, panel zone yielding was observed and yielding in the beam flanges 

extended into the web [Figure 3.3(b) and (c)].  However, no damage to any of the continuity 

plates fillet welds was observed, [Figure 3.3(d) and (e)]. 

Both beam flange local buckling and lateral-torsional buckling were observed at 0.03 

rad drift.  The specimen reached its peak strength at this drift level, but the fillet welds 

remained intact (Figure 3.4).  At 0.04 rad drift, yielding in the beam and panel zone as well 

as beam buckling became more severe (Figure 3.5).  Figure 3.6 shows the global view of 

the specimen after completing one cycle at 0.05 rad drift.  The beam flexural strength at 

the face of the column had degraded below 80% of the beam nominal plastic moment, and 

the test was stopped.  Figure 3.7 shows the fillet welds of the continuity plates after 

completing the test, showing no sign of damage.  Figure 3.8 depicts lateral-torsional 

buckling of the beam at 0.03, 0.04, and 0.05 rad drifts. 

3.1.2 Recorded Response 

3.1.2.1 Global Response  

A plot of the load versus beam tip displacement is shown in Figure 3.9.  The 

relationship between the moment at the column face and the story drift angle is shown in 

Figure 3.10; the vertical axis on the right shows the moment normalized by the nominal 

plastic moment (Mpn) of the beam.  Vertical dotted lines indicate 0.04 rad drift as required 

by AISC 341 for Special Moment Frame.  The specimen completed two cycles at a story 

drift angle of 0.04 rad before the moment at the column face degraded below 0.8Mpn. 

Figure 3.11 shows the relationship between the moment at the column face and the 

total plastic rotation.  Figure 3.12 shows that the panel zone yielded in shear.  The 
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“unusual” nonlinear response in the figure was due to twisting of the deep column (Chi and 

Uang 2002). 

3.1.2.2 Local Response 

Figure 3.13 shows the flexural strain profiles of the beam top and bottom flanges at 

a section 3 in. away from the column face.  Buckling in the beam skewed the strain profiles 

at higher drift levels.  Figure 3.14 and Figure 3.15 show the strain profiles on the top and 

bottom continuity plates, respectively.  The continuity plates remained essentially elastic.  

Figure 3.16(a) and (c) show the normal strain profiles at Sections G and H, respectively.  

The strain near the non-loading column flange was lower than that near the loaded column 

flange.  Figure 3.16(b) shows the normal strains on both surfaces of the top continuity plate 

were very similar.  Figure 3.16(d) compares the normal strains of the top and bottom 

continuity plates at a section 1½ in. away from the non-loaded column flange. 

Figure 3.17 shows the flexural strain response of two pairs of strain gages located 30 

in. above and below the top and the bottom beam flanges, respectively.  The response of 

each pair is expected to be similar such that the plot lies on a 45° line.  However, warping 

stresses created by column twisting when the drift 1.5% caused the response to deviate 

from a line of 45°.  Figure 3.18 shows that shear yielding occurred near the top and bottom 

portions of the beam web. 

3.2 Specimen C2 

3.2.1 Observed Performance 

Significant panel zone yielding with column flange kinking was expected because 

Specimen C2 was designed with a demand-capacity ratio of 0.95 for the panel zone.  Figure 

3.19 shows the specimen prior to testing.  The specimen remained essentially elastic until 

0.0075 rad drift cycles.  At the end of 0.0075 rad drift, yielding of the panel zone started 

(Figure 3.20).  At the completion of 0.01 rad drift cycles, yielding at the top and the bottom 

beam flanges was also visible (Figure 3.21).  Figure 3.22 shows the connection at the end 

of second cycle of -0.015 rad drift; the fillet welds connecting the continuity plates to the 

column flanges were intact.  Yielding extended to the beam web at 0.03 rad drift [Figure 

3.23(a)].  Panel zone yielding was significant, and yielding of the column flange at the 

column flange kink locations was observed [Figure 3.23(b) and (c)].  Figure 3.24 shows 
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the specimen at 0.04 rad drift.  All the fillet welds were intact [Figure 3.24(c) and (d)].  

Although the bf/2tf and h/tw ratios of Specimens C2 were somewhat larger than those of 

Specimen C1 (Table 2.1), local buckling was less severe in C2 because the weaker panel 

zone accommodated more inelastic deformation at the same drift level.  As can be seen in 

Figure 3.24(f), panel zone yielding was very significant. 

Figure 3.25 shows the specimen after completing two cycles at 0.05 rad drift.  It was 

then decided to displace the specimen to 0.07 rad drift directly.  Testing was stopped after 

completing one cycle at 0.07 rad drift because the beam flexural strength at the face of the 

column had degraded below 80% of the beam nominal plastic moment.  Figure 3.26 and 

Figure 3.27 show the connection at the end of +0.07 and -0.07 rad drifts, respectively.  

Figure 3.28 shows lateral-torsional buckling of the beam at -0.05 and -0.07 rad drift. At 

5% drift, note that lateral-torsional buckling was much less severe in Specimen C2 than in 

C1 [Figure 3.8(c)] because the latter had a deep column and was more prone to column 

twisting. On the way to return the specimen to its zero beam tip displacement, the beam 

bottom flange completely fractured (Figure 3.29).  

It was observed after testing that continuity plates had yielded [Figure 3.30(a)] and 

column flange yielding at the kink locations was more pronounced [Figure 3.30(b) and 

(c)].  No damage in the fillet welds was observed, which was confirmed from magnetic 

particle inspection conducted after the test. 

3.2.2 Recorded Response 

3.2.2.1 Global Response 

A plot of the load versus the beam tip displacement is shown in Figure 3.31  The 

relationship between the moment at the face of the column and story drift angle is shown 

in Figure 3.32.  The specimen completed two cycles at a story drift angle of 0.05 rad before 

the moment at the column face degraded below 0.8Mpn. 

Figure 3.33 shows the relationship between the moment at the column face and the 

total plastic rotation.  Figure 3.34 shows the panel zone experienced significant shear 

yielding and reached 8.5 times the shear yield strain.  The column remained essentially 

elastic throughout the test. 



 36 

3.2.2.2 Local Response 

Figure 3.35 shows the flexural strain profiles on the beam top and bottom flanges at 

a distance 3 in. away from the column face.  (Strain gage S14 malfunctioned.)  The strain 

profiles were more uniform across the flange width when compared with those of Specimen 

C1 (Figure 3.13), mainly because a shallow (W14) column that was less prone to column 

twisting was used.  The recorded strains in the top and bottom continuity plates (Figure 

3.36 and Figure 3.37) showed that yielding had occurred.  (Recall that the continuity plates 

were intentionally undersized by 1/4 in.)  The maximum normal strain was about three 

times the yield strain.  Despite the significant yielding in the continuity plates, the 

connection performance was not affected. 

Figure 3.38 compares the normal strain profiles in the top and the bottom continuity 

plates.  (The reading from rosette R01 seems unreliable since it almost read zero strains.) 

As comparison of Figure 3.38(d) with Figure 3.16(c) of Specimen C1 shows that more 

force in the continuity plate was transmitted to the unloaded column flange when a shallow 

column was used. Figure 3.39 indicates significant shear yielding on the beam web close 

to the column flange. 
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(a) Global View from East 

  

(b) Detail A (c) Detail B 

Figure 3.1 Specimen C1 Connection Prior to Testing 

 

  

A 

B 
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(a) Global View from East 

 

(b) Yielding in Beam Top and Bottom Flanges 

Figure 3.2 Specimen C1 at End of -0.01 rad Drift Cycles 
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(a) Global View from East 

 
 

(b) Minor Panel Zone Yielding (c) Spread of Yielding to Beam Web 

  

(d) Detail A (e) Detail B 

Figure 3.3 Specimen C1 at -0.015 rad Drift (2nd Cycle) 

A 

B 
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(a) Global View from East (b) Detail A 

 
 

(c) Detail B (d) Detail C (Beam Flange Local Buckling) 

 

(e) Beam Lateral-Torsional Buckling 

Figure 3.4 Specimen C1 at -0.03 rad Drift (2nd Cycle) 

 

  

A 

B 

C 
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(a) Global View from East 

  

(b) Detail A (c) Detail B 

Figure 3.5 Specimen C1 at -0.04 rad Drift (2nd Cycle) 

 

  

A 
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(a) at +0.05 rad Drift 

 

  

(b) View from East (at -0.05 rad Drift) (c) View from West (at -0.05 rad Drift) 

Figure 3.6 Specimen C1 at 0.05 rad Drift (1st Cycle) 
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(a) Global View from East 

  

(b) Detail A, View from East (c) Detail A, view from Bottom 

  

(d) Detail B, View from East (e) Detail B, View from Bottom 

Figure 3.7 Specimen C1 at Test Completion 

A 

B 
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(a) -0.03 rad Drift (2nd Cycle) 

 

(b) -0.04 rad Drift (2nd Cycle) 

 

(c) -0.05 rad Drift (1st Cycle) 

Figure 3.8 Specimen C1 Beam Lateral-Torsional Buckling 
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Figure 3.9 Specimen C1 Load versus Beam Tip Displacement Relationship 

 

 

Figure 3.10 Specimen C1 Moment versus Story Drift Angle Relationship 
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Figure 3.11 Specimen C1 Moment versus Total Plastic Rotation Relationship 

 

Figure 3.12 Specimen C1 Moment versus Total Panel Zone Shear Deformation 
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Beam Top Flange Beam Bottom Flange 

  

(a) at Section A-A, Outer Face (c) at Section B-B, Inner Face 

  

(b) at Section A-A, Inner Face (d) at Section B-B, Outer Face 

Figure 3.13 Specimen C1 Beam Flange Flexural Strain Profiles 
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Top Continuity Plate 

  

(a) Strain Normal to Flange Weld at 

Section C-C 

(b) Shear Strain at Section C-C 

  

(c) Strain Normal to Web Weld at Section 

D-D 

(d) Shear Strain at Section D-D 

Figure 3.14 Specimen C1 Top Continuity Plate Strain Profiles  
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Bottom Continuity Plate 

  

(a) Strain Normal to Flange Weld at 

Section E-E 

(b) Shear Strain at Section E-E 

  

(c) Strain Normal to Web Weld at Section 

F-F 

(d) Shear Strain at Section F-F 

Figure 3.15 Specimen C1 Bottom Continuity Plate Strain Profiles 
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Top Continuity Plate Bottom Continuity Plate 

 
 

(a) Normal Strain at Section G-G (b) Plot of S25 vs S26 

  

(c) Normal Strain at Section H-H (d) Shear Strain Plot of R8 vs R1 

Figure 3.16 Specimen C1 Top and Bottom Continuity Plates Strain Profiles 
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(a) Location of Strain Gages on the South Face of the Column 

  

(b) Plot of S21 vs S21 

  

(c) Plot of S23 vs S24 

Figure 3.17 Specimen C1: Effect of Column Twisting on Column Flexural Strains 
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(a) Section K-K 

  

(b) Positive Excursions (c) Negative Excursions 

 Figure 3.18 Specimen C1 Beam Web Shear Strain Profiles 
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(a) Global View from East 

  

(b) Detail A (c) Detail B 

Figure 3.19 Specimen C2 Connection Region Prior to Testing 

 

A 

B 

A 

B 
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Figure 3.20 Specimen C2 Panel Zone Minor Yielding at Completion of 0.0075 rad 

Drift Cycles 

 

Figure 3.21 Specimen C2 Beam Flange Yielding at Completion of 0.01 rad Drift 

Cycles 
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(a) Global View from East 

  

(b) Detail A (c) Detail B 

Figure 3.22 Specimen C2 Connection at -0.015 rad Drift (2nd Cycle) 

 

  

A 
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(a) Spread of Yielding to Beam Web 

  

(b) Column Flange Yielding Due to 

Column Kinking (Back Side) 

(c) Column Flange Yielding Due to 

Column Kinking (Front Side) 

Figure 3.23 Specimen C2 Connection at -0.03 rad Drift (2nd Cycle) 

 



 57 

  

(a) Global View from East (b) Global View from West 

  

(c) Detail A (d) Detail B 

  

(e) Detail C, Minor Flange and Web Local 

Buckling 

(f) Detail D, Significant Panel Zone 

Yielding and Column Kinking 

Figure 3.24 Specimen C2 Connection at -0.04 rad Drift (2nd Cycle) 
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(a) View from East 

 

(b) View from West 

Figure 3.25 Specimen C2 at -0.05 rad Drift (2nd Cycle) 
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(a) Global View from East 

 

(b) Global View from South East 

  

(c) Detail A (d) Detail B  

Figure 3.26 Specimen C2 at +0.07 rad Drift (1st Cycle) 

A 

B 
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(a) Global View from East 

  

(b) Detail A, View from East (c) Detail A, view from Bottom 

  

(d) Detail B, View from East (e) Detail B, View from Bottom 

Figure 3.27 Specimen C2 Connection at -0.07 rad Drift (1st Cycle) 

A 

B 
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(a) -0.05 rad Drift (2nd Cycle) 

 

(b) -0.07 rad Drift (1st Cycle) 

Figure 3.28 Specimen C2 Beam Lateral-Torsional Buckling 
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(a) View from East (b) View from West 

 

(c) Close-up View 

Figure 3.29 Specimen C2 Complete fracture of Beam Bottom Flange at Test 

Completion 
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(a) Yielding in Bottom Continuity Plate 

  

(b) Column Flange Yielding Due to 

Column Kinking (Back Side) 

(c) Column Flange Yielding Due to 

Column Kinking (Front Side) 

Figure 3.30 Specimen C2 Continuity Plate and Column Flanges Yielding 

at Test Completion 
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Figure 3.31 Specimen C2 Load versus Beam Tip Displacement Relationship 

 

 

Figure 3.32 Specimen C2 Moment versus Story Drift Angle Relationship 
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Figure 3.33 Specimen C2 Moment versus Total Plastic Rotation Relationship 

 

Figure 3.34 Specimen C2 Moment versus Total Panel Zone Shear Deformation 

Relationship 

-0.06 -0.04 -0.02 0.0 0.02 0.04 0.06

-40

-20

0

20

40

Total Plastic Rotation (rad.)

M
o

m
e

n
t 
a

t 
C

o
lu

m
n

 F
a

c
e

(x
1

0
0

0
 k

ip
-i

n
)

-1.0

-0.5

0.0

0.5

1.0

M
/M

p
n

-0.02 0.0 0.02

-40

-20

0

20

40

Total Panel Zone Deformation (rad.)

M
o

m
e

n
t 
a

t 
C

o
lu

m
n

 F
a

c
e

(x
1

0
0

0
 k

ip
-i

n
)

-10 -5 0 5 10

Normalized Shear Strain

0.8 

-0.8 



 66 

  

at Beam Top Flange at Beam Bottom Flange 

  

(a) at Section A-A, Outer Face (c) at Section B-B, Inner Face  

  

(b) at Section A-A, Inner Face (d) at Section B-B, Outer Face 

Figure 3.35 Specimen C2 Beam Flange Flexural Strain Profiles 
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Top Continuity Plate 

  

(a) Strain Normal to Flange Weld at 

Section C-C 
(b) Shear Strain at Section C-C 

  

(c) Strain Normal to Web Weld at Section 

D-D 

(d) Shear Strain at Section D-D 

Figure 3.36 Specimen C2 Top Continuity Plate Strain Profiles 

 

  

0 2 4 6 8 10

-0.006

-0.004

-0.002

0.0

0.002

0.004

0.006

-3

-2

-1

0

1

2

3

N
o

rm
a

liz
e

d
 S

tr
a

in

SDR= -0.02
SDR= -0.03
SDR= -0.04
SDR= -0.05

Distance from Column Centerline (in.)

S
tr

a
in

 (
in

./
in

.)

Distance from Column Centerline (in.)

S
tr

a
in

 (
in

./
in

.)

N
o
rm

a
liz

e
d
 S

tr
a
in

, 

10         8          6          4          2         0 0 2 4 6 8 10

-0.010

-0.005

0.0

0.005

0.010

-3

-2

-1

0

1

2

3

N
o

rm
a

liz
e

d
 S

h
e

a
r 

S
tr

a
in

SDR= -0.02
SDR= -0.03
SDR= -0.04
SDR= -0.05

Distance from Column Centerline (in.)

S
h

e
a

r 
S

tr
a

in
 (

ra
d

)

Distance from Column Centerline (in.)

S
tr

a
in

 (
ra

d
)

10         8          6          4          2         0 N
o

rm
a

liz
e

d
 S

h
e

a
r 

S
tr

a
in

-10 -5 0 5 10

-0.004

-0.002

0.0

0.002

0.004

-2

-1

0

1

2

N
o

rm
a

liz
e

d
 S

tr
a

inSDR= -0.02
SDR= -0.03
SDR= -0.04
SDR= -0.05

Distance from Column Centerline (in.)

S
tr

a
in

 N
o

rm
a

l
to

 C
o

lu
m

n
 W

e
b

 (
in

./
in

.)

Distance from Column Centerline (in.)

S
tr

a
in

 (
in

./
in

.)

N
o

rm
a
liz

e
d
 S

tr
a

in
, 

-10 -5 0 5 10

-0.006

-0.004

-0.002

0.0

0.002

0.004

0.006

-2

-1

0

1

2

N
o

rm
a

liz
e

d
 S

h
e

a
r 

S
tr

a
in

SDR= -0.02
SDR= -0.03
SDR= -0.04
SDR= -0.05

Distance from Column Centerline (in.)

S
h
e

a
r 

S
tr

a
in

 (
ra

d
)

Distance from Column Centerline (in.)

S
tr

a
in

 (
ra

d
)

N
o
rm

a
liz

e
d
 S

h
e
a
r 

S
tr

a
in

R2 

R3 

R4 

R2 
R3 

R4 

R7 
R6 

R5 
R7 

R6 
R5 

C 

C 

D D 



 68 

 

Bottom Continuity Plate 

  

(a) Strain Normal to Flange Weld at 

Section E-E 
(b) Shear Strain at Section E-E 

  

(c) Strain Normal to Web Weld at Section 

F-F 

(d) Shear Strain at Section F-F 

Figure 3.37 Specimen C2 Bottom Continuity Plate Strain Profiles 
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(a) Top Continuity Plate (b) Bottom Continuity Plate 

  

(c) Normal Strain at Section G-G (d) Normal Strain at Section H-H 

Figure 3.38 Specimen C2 Top and Bottom Continuity Plates Strain Profiles 
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(a) Section I-I 

  

(b) Positive Excursions (c) Negative Excursions 

 Figure 3.39 Specimen C2 Beam Web Shear Strain Profiles 
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4 ANALYSIS OF TEST RESULTS AND FINITE ELEMENT SIMULATION 

 

4.1 Global Response and Failure Mode Comparison 

To experimentally verify a proposed design procedure for the continuity plate weld 

design, the main variable between the two specimens tested in this research was the column 

shape; Specimen C1 had a deep (W24) column and Specimen C2 had a shallow (W14) 

column.  Testing showed that fillet welded continuity plates did not experience any 

damage, and the performances of both RBS connection specimens were no different from 

those with CJP welds between the continuity plates and the column flanges.  Since deep 

column is prone to twist (Chi and Uang 2002), extra bracings were provided at the top 

flange near the RBS region and the top end of the column (Figure 2.6); the former was to 

simulate the bracing effect provided by the concrete slab.  Despite this effort, the effect of 

using a deep column was still significant, as explained below. 

The global responses of both specimens are compared in Figure 4.1.  Strain gage 

readings in the column showed that column twisting started at 1.5% drift (Section 3.1.2.2).  

Therefore, lateral-torsional buckling (LTB) of the beam was more significant [Figure 

4.2(a)]. Such coupled column twisting-beam LTB phenomenon caused the strength of the 

connection to peak at 3% drift and then started to degrade thereafter [Figure 4.1(a)]. Since 

the simulated top flange bracing was only effective in positive bending, the figure also 

shows that the strength reached in the negative bending direction was less. For Specimen 

C2 with a W14 column, column twisting was much less a concern.  Therefore, this 

specimen could reach a higher strength, and strength degradation did not occur until after 

4% drift.  The higher strength of C2 also means a higher shear in the panel zone, which 

together with a slightly higher DCR ratio in designing the panel zone (Table 2.2) explains 

why C2 experienced more significant panel zone shear yielding than C1 [Figure 4.2(b)]. 

Figure 4.3 summarizes the percentage contributions from the beam, panel zone, and 

column to the total beam end displacement of both specimens.  As expected, beam 

contributed the most to the total end displacement. For the reason explained above, panel 

zone of Specimen C2 contributed more to the total displacement; the percentage 

contribution reduced after 4% drift because the connection strength degraded thereafter. 
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The panel zone of Specimen C1 could have deformed more, but was limited by the coupled 

deep column twisting-beam LTB mode. 

The amount of energy dissipated by each specimen is presented in Figure 4.4, where 

the energy has been normalized by the plastic moment, Mp, computed based on the tensile 

coupon test results.  The deep-column specimen dissipated less energy. 

4.2 Finite Element Analyses 

It is difficult to experimentally construct the freebody diagram of the continuity plate 

from strain gage measurements.  Instead, finite element analysis (FEA) by using the 

commercial software ABAQUS/CAE (2014) was conducted. Freebody diagrams 

established from the FEA are then compared with those established from the proposed 

procedure. 

Four node, thick-shell brick elements (Type S4R in ABAQUS) were used to model 

the specimens.  Typical steel properties (𝐸 = 29,000 ksi, 𝜈 = 0.3) were used in the model 

to describe the elastic material characteristics.  Also for inelastic behavior, following the 

work of Chaboche (1986), material parameters that could simulate both the kinematic and 

isotropic hardening responses of an A992/A572 steel coupon under cyclic loading were 

incorporated.  Figure 4.5 shows the FEA models of both specimens.  Figure 4.6 compares 

the experimental and predicted global response of each specimen; the correlation is 

satisfactory. A comparison of the deformed shapes is presented in Figure 4.7. 

Figure 4.8 and Figure 4.9 shows the continuity plate freebody diagrams for both 

specimens.  For one-sided moment connections, the proposed procedure assumes that the 

left (i.e., the non-loaded column flange) side has no normal force; the normal force from 

the beam flange is transferred completely to the column web through the continuity plates.  

The FEA shows that the non-loaded column flange does resist a portion of the normal force 

from the beam flange; the percentage is higher for shallow columns than for deep columns.  

This will reduce the shear forces in both the web weld and flange welds.  Therefore, the 

proposed design procedure is somewhat conservative for continuity plate weld design.  The 

conservatism increases when a shallow column is used. 
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(a) Specimen C1 

 

 
 

(b) Specimen C2 

 

Figure 4.1 Comparison of Global Responses 
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(a) Specimen C1 

 

  
 

 
 

(b) Specimen C2 

 
Figure 4.2 Comparison of Buckling Mode at 4% Drift 
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(a) Specimen C1 

 

 

(b) Specimen C2 

Figure 4.3 Components of Beam End Displacement 
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(a) Specimen C1 

 

(b) Specimen C2 

Figure 4.4 Normalized Dissipated Energy 

  

1 2 3 4 5 6 7

0.0

0.2

0.4

0.6

0.8

Story Drift Ratio (%)

N
o
rm

a
liz

e
d

 D
is

s
ip

a
te

d
 E

n
e

rg
y,

E
h

/M
p

1 2 3 4 5 6 7

0.0

0.2

0.4

0.6

0.8

Story Drift Ratio (%)

N
o
rm

a
liz

e
d

 D
is

s
ip

a
te

d
 E

n
e

rg
y,

E
h

/M
p



 77 

 

(a) Specimen C1 

 

(b) Specimen C2 

Figure 4.5 FEM Models 
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(a) Specimen C1 

 

(b) Specimen C2 

Figure 4.6 Correlation of Global Responses 
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(a) Specimen C1 (at +4% Drift)  

  

(b) Specimen C2 (at -5% Drift) 

Figure 4.7 Correlation of Deformed Configurations 
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(a) Forces Predicted by Tran et. al, (2013) 

 

(b) Forces from FEM Analysis 

Figure 4.8 Specimen C1 Comparison of Forces Acting on Continuity Plate 

 

(a) Forces Predicted by Tran et. al, (2013) 

 

(b) Forces from FEM Analysis 

Figure 4.9 Specimen C2 Comparison of Forces Acting on Continuity Plate 
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5 SUMMARY, CONCLUSIONS, AND FUTURE RESEARCH NEED 

 

5.1 Summary 

Based on a weld detail commonly used in steel moment connection tests conducted 

in the past, AISC 341 requires that continuity plates in a Special Moment Frame (SMF) be 

connected to the column flanges by CJP groove welds.  This prescriptive requirement, 

where the calculation of the required forces in the continuity plates is unnecessary, would 

increase the fabrication cost. As a first step to allowing for other types of weld joints (e.g., 

fillet welds or partial-point-penetration groove welds) to be used, it is necessary to have a 

design procedure to quantify the required forces in the continuity plate.  Recently, Tran et 

al. (2013) proposed a procedure that considers the in-plane flexibility (or stiffness) of the 

continuity plate relative to the out-of-plane flexibility of the column flange being loaded 

by the beam flange in determining the forces that are transmitted through the continuity 

plates to the column panel zone.   

In the procedure proposed by Tran et al., the edges of the continuity plate next to the 

column flanges were subjected to both normal and shear forces. This procedure was 

modified to include the moment component created by the normal force and an 

eccentricity.  As a pilot study to experimentally verify this design procedure, two full-scale, 

one-sided moment connection specimens with a reduced beam section (RBS) were tested.  

The specimen design followed AISC 341 and 358, except that the continuity plate thickness 

and welds were sized based on the modified procedure; the design procedure resulted in 

fillet welds to connect the continuity plates to the columns.  One specimen (C1) used a 

deep (W24) column, and the other one (C2) had a shallow (W14) column.  The continuity 

plates of Specimen C2 were also undersized to evaluate the effect of yielded continuity 

plates on the connection performance.  While still satisfying the code requirement, the 

demand-capacity ratio of the panel zone strength was high (0.90 and 0.95 for C1 and C2, 

respectively) such that the effect of column flange kinking at the fillet welds locations 

could be evaluated.  A992 steel was specified for the beams and columns, and A572 Gr. 

50 steel was used for the continuity plates.  Both specimens were tested cyclically by using 

the AISC loading protocol. 
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5.2 Conclusions 

Based on the test results and the associated analytical studies, the following 

conclusions can be made. 

(1) Both specimens performed well and met the 0.04 rad. story drift requirement specified 

in AISC 341.  Using the fillet welds did not affect the performance of the connection; 

as expected, yielding and buckling in the RBS region as well as shear yielding in the 

panel zone were observed. 

(2) No damage in the fillet welds connecting the continuity plates to the column was 

observed, indicating that the AISC 341 prescriptive requirement for expensive CJP 

groove welds can be conservative and may not be always needed. 

(3) AISC 341 also specifies a prescriptive requirement for the thickness of the continuity 

plates: half and full thickness of the beam flange for the exterior and interior moment 

connections, respectively (the full thickness requirement has been changed to three-

quarter thickness for the interior connection in the 2016 edition of AISC 341).  The 

proposed design procedure may result in a continuity plate thickness different from that 

required by AISC 341. Test results showed that such prescriptive requirement may not 

be needed; the proposed procedure will consider directly the effect of thickness on the 

required forces in the continuity plates. 

(4) The interface between the continuity plate and the column flanges is subjected to not 

only normal force but also shear force and moment; the moment is produced by the 

normal force together with an eccentricity (Figure 1.2 and Figure 1.3).  The effect of 

moment and shear can be significant, especially for continuity plates in shallow 

columns (Table 2.4). The combined effect of normal force, shear force, and moment 

needs to be considered in checking the strength of continuity plates (Eq. (1.10)). 

(5) AISC 341 implicitly assumes that continuity plates shall remain essentially elastic per 

the capacity design principles.  The continuity plate thickness of one specimen (C2) 

was undersized.  Testing showed that the connection performance was not affected 

although the continuity plates had yielded. 
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5.3 Future Research Need 

This pilot test program demonstrated that the prescriptive requirement in AISC 341 

that requires a specific continuity plate thickness and expensive CJP groove welds to 

connect the continuity plates to the column flanges may not always be needed. Only two 

one-sided moment connections were tested in this research.  Before the proposed design 

procedure can be implemented, only two tests are not enough and additional experimental 

verification is needed to establish the confidence level.  Further testing should include two-

sided moment connections, different connection types, inclusion of doubler plates, use of 

partial-joint-penetration groove welds, etc.  

For one-sided connections, AISC 341 has been requiring the continuity plate 

thickness to be at least one-half of the thickness of the beam flange. For two-sided 

connections, AISC 341 in its 2016 edition reduces the required thickness from full to three-

quarter thickness of the beam flange. Experimental verification is needed since these 

minimum thickness requirements lack any experimental justification. 
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Appendix A Tensile Coupon Test Results 

 

(a) Specimen C1, Beam Flange (b) Specimen C1, Beam Web 

 

(c) Specimen C1, Column Flange (d) Specimen C1, Column Web 

 

(e) Specimen C1, Continuity Plate (f) Specimen C2, Beam Flange 

Figure A.1 Tensile Coupon Stress-Strain Relationships 
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(g) Specimen C2, Beam Web (h) Specimen C2, Column Flange 

 

(i) Specimen C2, Column Web (j) Specimen C2, Continuity Plate 

Figure A.1 Tensile Coupon Stress-Strain Relationships (continued) 
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Appendix B Mill Certificates 
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Appendix C Welding Procedure Specifications 
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Appendix D Welding Inspection Reports 
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