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A B S T R A C T   

In this study, nine laboratory tests were conducted to estimate the performance of earthquake-resistant struc-
tures, i.e., reduced beam section (RBS) connection, under a scenario in which the middle column is removed. 
Four types of joints were tested, namely, welded unreinforced flange – bolted web connection without RBS 
(WUF-B-NRBS), welded unreinforced flange – bolted web connection with RBS (WUF-B-RBS), welded unrein-
forced flange – welded web connection without RBS (WUF-W-NRBS), and welded unreinforced flange – welded 
web connection with RBS (WUF-B-RBS), to investigate the effect of RBS and different beam web connection 
methods. The experimental results involving the responses of general behavior, resistance mechanisms, failure 
modes, deformation shapes, and limit displacements are presented in detail. A performance comparison of 
different connection types indicated that the RBS connection exhibits the optimum performance against pro-
gressive collapse, and its practical rotational capacity is >1.9 and 2.7 times larger than that provided by Federal 
Emergency Management Agency (FEMA) 350 and Department of Defense (DOD) guidelines, respectively. 
Additionally, in the design of the RBS connection, the welded web connection joint exhibited good load-carrying 
capacity, whereas the bolted web connection joint performed poorly owing to early fracture near the bolt holes. 
Furthermore, the research parameters were extrapolated within and beyond the limits using ABAQUS. This 
demonstrated that by increasing the values of horizontal distance from the column flange to the beginning of the 
beam flange reduction, a, or the length of the beam flange reduction, b, is beneficial to structural load-carrying 
capacity and ductility. However increasing the value of depth of the beam flange reduction, c, has the opposite 
effect. Based on the comparison, the recommended design details of RBS connections are presented.   

1. Introduction 

Since the Northridge earthquake in 1994, engineers have been 
devoting increasing attention to the seismic design of structures. 
Numerous research works have been conducted on the design of beam- 
to-column joint connections against seismic activity, and numerous 
seismic joint designs have been proposed. Currently, two key design 
concepts are available for improving the ductile response and 
earthquake-resistant performance: reinforcing or weakening the beam- 
to-column connection joint. Between these two connection ap-
proaches, weakening the connection is more economical in the actual 
design, and can avoid the problems caused by reinforcing the connec-
tion, e.g., requiring strong welds and high degrees of restraint [1]. The 
existing methods of weakening the connection joint mainly include 
reduced beam section (RBS) and reduced web (RW), as shown in Fig. 1a 

and Fig. 1b, respectively. Currently, the application of RBS connections 
is more mature; the correlative design specifications were prescribed in 
FEMA 350 [2] in the United States. Extensive investigations [3–6] have 
shown that RBS specimens exhibit inherent advantages in seismic 
performance. 

However, the engineering application of beam-to-column joints re-
quires not only high seismic performance but also other mechanical 
behaviors, such as the resistance capacity of the structure when it un-
dergoes progressive collapse. Specifically, after the collapse of the World 
Trade Center, engineers began to conduct numerous studies on the 
progressive collapse mechanism in steel and concrete structures. 
Extensive suggestions have been given for progressive collapse 
including: developing a series of vulnerability assessment analytical 
tools for progressive collapse [7–9]; prescenting several assessment 
methods to analyze the collapse mechanisms [10–12]; introducing and 
modifying the new dynamic increment factor for progressive collapse 
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evaluation [13–16]; investigation on the effect of span ratio and asym-
metric progressive collapse on structural robustness [17,18]. 

Additionally, Mohamed [19] taked into account the effect of 
component ductility on the structural response after an initial collapse 
and provided the relative calculation process of load increase factors. 
Kim et al. [20] investigated the effect of the catenary mechanism on the 
progressive collapse potential of steel moment framed structures and 
found that catenary action is essential in the resistant mechanisms. 
However, The full development of the catenary mechanism under large 
deformation depends on the rotational capacity of the joints and the tie 
forces between the beams and columns. Therefore, research on beam-to- 
column joints is necessary. 

Han et al. [21] investigated the progressive collapse resistance of the 
beam-to-column joints with cast steel stiffeners in steel moment frames, 
and presented a computationally efficient macromodel. Li and Wang 
et al. [22–24] tested many types of beam-to-column joints, and studied 
the different beam-to-column connection modes that affect the perfor-
mance during progressive collapse. Yang et al. [25,26] conducted 
experimental tests of common types of bolted steel beam-to-column 

joints to compare their work abilities under a scenario in which the 
central column is removed. Guo and Yang et al. [27,28] presented 
experimental tests on composite structures, and studied their joint per-
formance under conditions of progressive collapse. 

Currently, only very less research is available on the performance of 
RBS connections when the structure is subjected to progressive collapse. 
Fahim and Lew et al. [29,30] conducted an experiment to investigate the 
progressive collapse performance of steel beam-to-column assemblies; 
their results indicated that the RBS connection can improve the failure 
displacement and ultimate load of the specimen, and that its rotational 
capacity is about twice that of the seismic data provided by FEMA 350 
[2]. Dinu et al. [31] conducted progressive collapse experimental tests 
including the RBS connection, and found that the RBS connection ex-
hibits higher rotational capacity than those reported in the DOD [32]. 
These studies are mainly focused on the rotational capacity of RBS 
connections with very few tests, and on the beam web connection 
method mainly using complete joint penetration (CJP) welds. 

However, apart from the rotational capacity, the beam web 
connection methods and weakened parameters are of great importance 

Nomenclature 

RBS Reduced beam section 
fy Yield strength 
fu Tensile strength 
δ Elongation 
E Elastic modulus 
a Horizontal distance from the column flange to the 

beginning of the flange reduction 
b Length of the flange reduction 
c Depth of the beam flange reduction 
bf Width of beam flange 
db Depth of beam 
NL1 Axial force in beam of the elastic section L1 
NR1 Axial force in beam of the elastic section R1 
A Sectional area of specified section in the beam end 
m Number of strain gauges in section L1 
n Number of strain gauges in section R1 
θL1 Rotation of section L1 
θR1 Rotation of section R1 
VR-C Load resisted by the catenary action 
VR-F Load resisted by the flexural action 
D Distance from the dangerous section to the column flange 
Fp Applied load corresponding to the full plastic yield 

moment of the dangerous section 
Mp Full plastic yield moment of the dangerous section 
Np Full plastic strength of the dangerous section 
Fcrack Maximum applied load that corresponds to the first crack 

point 
ω Vertical displacement of the middle column 
P Vertical applied load 
θ Beam chord rotation 
Pmax Load-carrying capacity considering catenary action 
ρ1 Load-carrying capacity increment caused by RBS 
ρ2 Load-carrying capacity increment caused by welded web 

compared to bolted web 
PM, max Load-carrying capacity without catenary action 
ρ3 Load-carrying capacity increment caused by catenary 

action 
θFEMA Rotational capacity that corresponds to collapse 

prevention specified in FEMA 350 
θp, DOD Plastic rotational capacity specified in DOD 
θy Yield rotation that corresponds to the yield point based on 

the test result 
θDOD Total rotational capacity that corresponds to collapse 

prevention calculated by the sum of the yield rotation θy 
and the plastic rotation θp, DOD 

θU Ultimate rotation based on the test results  

(a) Reduced beam section (RBS) (b) Reduced web (RW) 

Fig. 1. Methods of weakening the connection joint.  
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for the design of RBS specimen as well. Lee et al. [33] designed eight RBS 
steel moment connections to investigate the effect of beam web 
connection method on seismic performance. Lu et al. [34] performed a 
parametric analysis to investigate the influence of weakened parameters 
on the cyclic performance of novel weak-axis RBS moment connections. 
The results indicated that the different beam web connection methods 
and weakened parameters could influence the mechanical property of 
RBS connections under cyclic loading. To date, only very few studies 
have been conducted on different beam web connection methods and 
weakened parameters for RBS connections under the column-removal 
scenario. Furthermore, these studies do not address parametric ana-
lyses of different weakened parameters and comparative analyses of 
different beam web connection methods. 

In this study, nine tests were conducted on different connection 
types, including different beam web connection methods, with or 
without RBS, and different weakened parameters. The experiments used 
the alternate-path method [32,35] to analyze the resistance perfor-
mance of joints in steel frames under a scenario in which the central 
column was removed. Different joints exhibited distinctive load transfer 
paths and failure modes. In this paper, the general behaviors and 
resistance mechanisms of different connection types are investigated. 
The effects of RBS, different beam web connection methods, and 
different weakened parameters on the progressive collapse performance 
are evaluated by analyzing the test results, and a design reference of RBS 
specimens is provided for engineering design. 

2. Test setup and specimens 

2.1. Test setup and loading mechanism 

The overall view of the test setup is shown in Fig. 2. This test was 
based on the prototype structure shown in Fig. 3. However, owing to the 
limit of laboratory space, the configuration of the beam-to-column as-
sembly adopted a simplified “B-J-B” (beam-column-beam) [18,22–26] 
pattern (Fig. 4). This simplified pattern considered the mid-spans of the 
prototype structure as pin supports because of the inflection points of the 
internal forces were located at mid-spans under the concentrated load of 
the middle column. 

To simulate the presumed boundary condition in the middle span of 
the original beam members and consider the restraint from adjacent 
structures, the specimen was pin-supported with locking-type rollers to 
horizontal support frames, which were fixed to the strong reaction floor 
through ground anchors. Such a connection ensures free rotation of the 
opposite ends in-plane. The space between the double pin-supports was 

l = 3020 mm, and the length of each half-beam was l0 = 1190 mm. To 
simulate a scenario in which the central column is removed, an actuator 
(500 ton) was placed above the central column to apply the vertical 
load; the actuator was fixed to a firm vertical reaction frame system that 
was anchored to the reaction floor. On the other hand, the actuator was 
restricted in the test plane to prevent specimen departure from the test 
plane during loading that could cause torsion of the specimen. The 
vertical limit displacement of the actuator was 350 mm, and the loading 
mechanism was initially applied by a force control mode of 5 kN/min. 
When the specimen began to yield, the loading mechanism transformed, 
and was mainly applied by a displacement control mode of 6 mm/min 
before the specimen eventually failed. 

Notably, this simplified pattern excluded the effect of the sur-
rounding structure stiffness and did not capture the behavior of the 
whole structural system. However, this research focusses on the com-
parison between the relative performance of the RBS connections using 
different beam web connection methods and weakened parameters. 
Yang and Lee et al. [25,36] conducted a numerical simulation to verify 
the validity of the simplified model and found that the equivalent per-
formance of rotation angles and internal forces that were experienced by 
the connections could be determined when it compared to sub-frame 
tests. This validated the effective of the relative performance of 
different types of connections that were investigated in this study. 

2.2. Test specimens 

Rescently, Most of the previous tests under monotonic loading that 
were performed on RBS moment connection were applied the welded 
web connection joint. Although the quality of field welds is time- 
consuming and weather-dependent, recent tests under cyclic loading 
[33] showed that the specimens with bolted connections could exhibit a 
higher incidence of fractures close to the welds, and the use of welded 
webs could be beneficial to connection performance. Additionally, the 
bolted connection joint can only be used in ordinary moment frames, 
whereas the welded connection joint can be used in special moment 
frames as well [32]. However, there is still no consensus as to whether 
the bolted web connection joint can be reliably used instead of the 
welded web connection joint for the RBS connections. In this research, 
refer to the FEMA 350 [2], two types of beam-to-column assemblies 
were designed to simulate the different connection modes between the 
column flange and the beam member. One was the welded unreinforced 
flange – bolted web connection (WUF-B) shown in Fig. 5. For the welded 
unreinforced flange, the beam flange was joined to the column flange 
with CJP groove welds, and for the bolted web, the beam web was joined 

Fig. 2. Test setup.  
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to the column flange by a shear plate, which was pre-welded to the 
column flange with two 6 mm fillet welds on both sides and was joined 
to the beam web with four M16 Grade 12.9 high-strength bolts. Ac-
cording to the Chinese standard [37], the preload on bolts was 100 kN. 
The other assembly type was the welded unreinforced flange – welded 
web connection (WUF-W) shown in Fig. 6. For the welded unreinforced 
flange, the beam flange was joined to the column flange with CJP groove 
welds, and for the welded web, the beam web was joined to the column 
flange with two 6-mm fillet welds on both sides. Furthermore, due to the 
limitation of processing conditions, the weld access holes in both 
connection types were placed in accordance with the standards pub-
lished by the Architecture Institute of Japan [38]. The specimens were 
composed mainly of two H-beams (HN200 × 100 × 5.5 × 8) and one H- 
column (HW250 × 250 × 9 × 14); Q235 steel was considered for the 
materials. The detailed mechanical characteristics of the specimens are 

listed in Table 1. 
For investigating the influence of RBS and beam web connection 

methods on the progressive collapse behavior of a steel frame, this 
experiment tested four types of specimens. Table 2 and Figs. 7–10 show 
the details of the specimens. The specimens were named by the 
nomenclature WUF-B(W)-RBS(NRBS), where WUF-B represents welded 
unreinforced flange – bolted web connection joint; WUF-W represents 
welded unreinforced flange – welded web connection joint; RBS repre-
sents the joint with RBS, which is widely applied in earthquake-resistant 
designs; NRBS represents the joint without RBS, in which the beam-to- 
column joints were not weakened. Furthermore, to investigate the in-
fluence of weakened parameters on the behavior of a steel frame, the 
specimens WUF-B(W)-RBS were subdivided by the nomenclature WUF-B 
(W)-RBS-a-b-c, where a is the horizontal distance from the column 
flange to the beginning of the flange reduction, b is the length of the 

Fig. 3. Prototype structure.  

Fig. 4. B-J-B pattern.  

Fig. 5. WUF-B connection.  Fig. 6. WUF-W connection.  

C. Chen et al.                                                                                                                                                                                                                                    

Mr Hojati
Highlight



Engineering Structures 225 (2020) 111297

5

flange reduction, and c is the depth of the beam flange reduction. 
In this experiment, the location, length of the flange reduction, and 

depth of the flange reduction were determined in accordance with FEMA 
350 provisions [2]: 

a ≅ (0.50to0.75)bf  

b ≅ (0.65to0.85)db  

c ≅ (0.20to0.25)bf  

where a, b, and c are plotted in Figs. 9 and 10, and bf and db are the width 
of the beam flange and the depth of the beam, respectively. 

2.3. Instrumentation 

Fig. 11 shows the detailed instrumentation arrangements for the four 
types of specimens, including the layout of strain gauges and line 
transducers. According to the preliminary analysis of the test, the section 
of beam near the pin support of the specimen remained elastic 
throughout the test process. Thus, the internal force of the section can be 
calculated according to the basic principles of elasticity mechanics. In 
this experiment, to obtain the axial force of the beam, the calculation 

was based on the strain measurements at the sections (L1 and R1) close 
to the pin supports. The other strain gauges in sections L2 and R2 were 
used to measure the complex stress distribution near the beam-to- 
column joint and to monitor the formation of plastic hinges. Further-
more, to monitor the deformation shape during the loading procedure, 
six line transducers were symmetrically placed at the middle line of the 
upper flange along the beam length in each specimen to measure the 
vertical displacement. 

Table 1 
Mechanical characteristics of the materials.  

Components Yield 
strength fy 

[N/mm2] 

Tensile 
strength fu 

[N/mm2] 

Elongation δ 
[%] 

Elastic 
modulus E 
[MPa] 

Beam web, t =
5.5 mm 

295 460 24 202 000 

Beam flange, t 
= 8 mm 

285 463 22 204 000 

Column web, t 
= 9 mm 

308 500 19 203 000 

Column flange, 
t = 14 mm 

276 525 27 202 000 

Shear plate, t =
8 mm 

314 485 20 200 000  

Table 2 
Specimen data.  

Specimen ID Beam web connection method a b c  

WUF-B-NRBS Bolt web – – – 
WUF-B-RBS-50-130-23 Bolt web 50 130 23 
WUF-B-RBS-50-170-23 Bolt web 50 170 23 
WUF-B-RBS-75-130-23 Bolt web 75 130 23 
WUF-B-RBS-75-130-25 Bolt web 75 130 25 

WUF-W-NRBS Welded web – – – 

WUF-W-RBS-50-130-23 

Welded web 50 130 23 
WUF-W-RBS-50-170-23 Welded web 50 170 23 
WUF-W-RBS-75-130-23 Welded web 75 130 23  

Fig. 7. Schematic of specimen WUF-B-NRBS.  

Fig. 8. Schematic of specimen WUF-W-NRBS.  
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3. Experimental results 

3.1. General behaviors and resistance mechanism 

Once the middle column is removed, the applied load on the middle 
beam-to-column joints is resisted by the shear force and axial force, 
which are provided by the flexural mechanism and catenary mechanism, 
respectively. Through the strain measurement in the predicted elasticity 
section, the internal force can be calculated [22] based on the reduced 
computational model (Fig. 12). The resistance mechanism can be ob-
tained using Eqs. (1)–(4): 

NL1 = EA(
∑m

i=1εi

m
) (1)  

NR1 = EA(
∑n

j=1εj

n
) (2)  

VR− C = NL1sinθL1 + NR1sinθR1 (3)  

VR− F = P − VR− C (4)  

where NL1 and NR1 represent the axial force of the elastic sections L1 and 
R1, respectively; E is the elastic modulus; A is the sectional area of the 
specified section in the beam end; m and n represent the number of strain 
gauges in sections L1 and R1, respectively; θL1 and θR1 are the rotation 
angles of sections L1 and R1, respectively; VR-C is the load resisted by 
catenary action; VR-F is the load resisted by flexural action; and P is the 
load applied on the middle column. 

This section describes the four different failure modes of the joints. 
The corresponding applied load versus vertical displacement curves and 
developments of the resistance mechanism during loading are shown in 
Figs. 13–16. Further, θ represents the rotational capacity, which is equal 
to the vertical displacement of the middle column divided by 1510 mm. 
Furthermore, the correlative phenomena of a few key stages of 
destruction are shown under the corresponding curves. Table 3 lists the 
design parameters, including Fp, Mp, and Np at the stage where the 
critical section exhibited full plastic yield. Additionally, the maximum 
applied load that corresponds to the first crack point (Fcrack) is also 
presented in Table 3. It is interesting to find that, although the Fp of the 
NRBS joints is better than that of the RBS, their Fcrack gave the contrary 
results. Such a phenomenon will be discussed in Section 4.1. 

3.1.1. WUF-B-NRBS connection 
As shown in Fig. 13a, the specimen WUF-B-NRBS remained in the 

elastic stage until the vertical displacement and its corresponding 
applied load reached approximately 13.3 mm and 60.4 kN (equal to 0.69 
Fp), respectively. It should be noted that the yield point (point Y) was 
determined based on the ECCS method [39] (defining the yield point as 
the intersection point between the initial stiffness line and the tangent 
line with a slope of 10% initial stiffness). Beyond this point, the spec-
imen began to yield and its flexural stiffness decreased till the vertical 
displacement approached 59.4 mm (point A), where the overall stiffness 
of the specimen increased because of the onset of catenary action. 
During this stage, the resistance mechanism was primarily provided by 
flexural action. However, the catenary action in the beam was approx-
imately zero. The specimen exhibited first arresting failure near point A, 
where local buckling occurred at the top flange near the left beam- 
column joint. 

When the vertical applied load was 111.2 kN while the vertical 
displacement was 108.9 mm, the specimen attained its first peak (point 
B). In stage A–B, the catenary action increased from 0 to 15.1 kN, which 
caused VR-C/P to equal 13.9%. Additionally, the resistance mechanism 
was still primarily provided by flexural action. Beyond point B, a crack 
initially occurred in the middle of the bottom flange close to the access 
hole of the left beam-to-column joint, and then immediately propagated 
to both sides of the bottom flange, which caused an abrupt drop in the 
applied load from its peak load of 111.2 kN (equal to 1.28 Fp) to 48.6 kN 
(point C, equal to 0.56 Fp). This was accompanied by the canary action 
that slightly declined (i.e., from 15.1 to 9.7 kN). Then, the resistance 
force increased again to the second peak load (point D) of 98.6 kN (equal 
to 1.13 Fp) because of the shear action of the web. In this stage (C–D), the 
flexural action fluctuated within a relatively stable range, whereas the 
catenary action rapidly increased to 54.4 kN and finally even exceeded 
the flexural action, where VR-C/P equaled 55.2%. Subsequently, owing 
to the complicated shear action in the web, the applied load sustained a 
stable value until the vertical displacement approached 189.7 mm 
(point E). During stage D–E, the lowest bolt was torn out of the web and 
the crack propagated through the vertical adjacent bolt holes. This was 
followed by the applied load recovering again to the third peak load 
(point F) of 131.8 kN (equal to 1.51 Fp), with the crack propagating 
through the horizontal adjacent bolt holes. In stage D–F, the flexural 
action declined and finally sustained a stable value, whereas the cate-
nary action continued to increase to 111.56 kN, and the corresponding 
VR-C/P equaled 84.7%, which indicated that the catenary had become 
the dominant resistance mechanism. Beyond point F, the applied load 

Fig. 9. Schematic of specimen WUF-B-RBS-a-b-c.  

Fig. 10. Schematic of specimen WUF-W-RBS-a-b-c.  
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Fig. 11. Instrumentation layout.  
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Fig. 12. Reduced computational model.  

(a) Load vs. displacement curve and resistance mechanism of specimen WUF-B-NRBS 

(b) Development of damage at key stages of response 

A: Local buckling of top flange 

(1) 

B–C: Crack occurred in the middle of bottom flange (2) and 

then immediately propagated to both sides of the bottom flange 

(3) 

D–E: Lowest bolt was torn out 

of the web (4) and the crack 

propagated through the vertical 

adjacent bolt holes (5) 

E–F: Crack propagated 

through the horizontal 

adjacent bolt holes (6) 

F–G: Crack appeared at the 

upper edge of bolt hole and 

then promptly propagated to 

the upper flange (7) 

3 2 

4 
5 

6 

7 

Fig. 13. General behavior and resistance mechanism of WUF-B-NRBS.  
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a) WUF-B-RBS-50-130-23 b) WUF-B-RBS-75-130-23 

c) WUF-B-RBS-50-170-23 d) WUF-B-RBS-75-130-25 

(a) Load vs. displacement curve and resistance mechanism of specimens WUF-B-RBS 

(b) Development of damage at key stages of response 

B–C: Cracks appeared at the upper and bottom edges of lowest 

bolt hole (1), and then immediately propagated through the 

vertical adjacent bolt holes and to the middle of the beam 

flange reduction (2) 

D–E: Crack appeared at the 

upper edge of bolt hole and 

then propagated to the top 

flange (3) 

2 1 

Web bolts slippage  3 

a) Left bottom flange b) Right bottom flange 

(c) Final failure diagram of bottom flange 

Fig. 14. General behavior and resistance mechanism of WUF-B-RBS.  
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dropped its peak load, because of the crack that appeared at the upper 
edge of the bolt hole and promptly propagated to the upper flange. When 
the specimen completely failed, its ultimate displacement reached 
approximately 239.2 mm (point G). 

3.1.2. WUF-B-RBS connection 
The four WUF-B-RBS specimens exhibited similar behavior. Table 4 

shows the detailed data of key points during loading. As shown in 
Fig. 14a, the specimen remained in the elastic stage up to point Y (yield 
point). After the yield point of the specimen, its flexural stiffness started 
to decrease. When the displacement approached point A, similar to the 
specimen WUF-B-NRBS, the overall stiffness of the specimen increased 
owing to the generation of catenary action. During this stage, the 
resistance mechanism was also primarily provided by flexural action. 
However, unlike the specimen WUF-B-NRBS, the RBS specimen did not 
exhibit distinct failure of local buckling on the top flange, possibly 
because the RBS structure could transfer the plastic hinge away from the 
column flange and dissipate the segmental energy of the top flange. 
When the vertical displacement was attained at point B, the specimen 
approached its first peak load. In stage A–B, the flexural action 
continued to increase and then declined again, whereas the catenary 
action increased quickly and finally became the principal resistance 
mechanism in the beams. This can be verified using the value of VR-C/P, 

which is listed in Table 4. In addition, owing to the large deformation of 
beam web, at the end of this stage, the bolts were slipping in the web, 
which could cause stress concentration near the bolt holes. Subse-
quently, because of the large tensile force in the beams, cracks appeared 
at the upper and bottom edges of the lowest bolt hole, and then imme-
diately propagated through the vertical adjacent bolt holes and to the 
middle of the beam flange reduction. This resulted in a reduction of the 
applied load from peak load to valley load (point C). 

Similar to the specimen WUF-B-F, when the bottom flanges 
completely fractured, the applied loads then rapidly adjusted and 
increased again to their second peak (point D), accompanied by defor-
mation of the bolt holes. In this stage (C–D), the resistance mechanism 
was primarily provided by catenary, whereas the flexural action played 
only a small and even negative role. In only a short time, a crack 
appeared at the upper edge of the bolt hole and then propagated to the 
top flange, which caused the vertical forces to drop again until the 
specimen completely fractured (point E). In addition, the mesh defor-
mation (shown in the final failure diagram of the bottom flange in 
Fig. 14c) revealed that the bottom flange was tensioned during loading, 
and the tension strain was concentrated on the beam flange reduction, 
indicating the transfer of the plastic hinge. 

(a) Load vs. displacement curve and resistance mechanism of specimen WUF-W-NRBS 

(b) Development of damage at key stages of response 

A: Local buckling of 

the top flange (1) 

B–C: Bottom flange was 

fractured near the weld access 

hole (2), and the crack 

promptly propagated deeply 

into the web (3)  

C–E: Crack extending slowly on the web (4) 

until the beam web completely fractured (5) 

1 

3 

2 

5 

4 

Fig. 15. General behavior and resistance mechanism of WUF-W-NRBS.  
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3.1.3. WUF-W-NRBS connection 
As shown in Fig. 15a, the WUF-W-NRBS specimen remained in the 

elastic stage until the vertical displacement and its corresponding 
applied load reached approximately 17.6 mm and 79.9 kN (equal to 0.92 
Fp), respectively. Once the yielding of the specimen began, the flexural 
stiffness decreased. Similar to the specimen WUF-B-NRBS, near point A, 
where the corresponding vertical displacement was 56 mm, local 
buckling occurred at the top flange near the left beam-to-column joint 
and catenary action began to appear in the beam. As with the specimen 
WUF-B-NRBS, the resistance mechanism was primarily provided by 
flexural action before this point, and the catenary was approximately 
zero; this was followed by an increase in overall stiffness. When the 

vertical displacement of the middle column reached 184.5 mm, where 
the corresponding applied load was 174.4 kN (equal to 2.00 Fp), the 
specimen attained its peak load (point B). In this stage (A–B), the flex-
ural action fluctuated at a stable level, while the catenary action 
continued to increase from 0 to 76.0 kN with a corresponding VR-C/P 
that was equal to 43.6%. Beyond this point, the specimen exhibited an 
abrupt drop from the peak load to a value of 83.3 kN (equal to 0.96 Fp, 
point C), because the bottom flange was fractured near the weld access 
hole, and the crack promptly propagated deeply into the web (Fig. 15c). 
Subsequently, the applied load sustained a stable value in stage C–D 
until the web completely fractured, while the crack continued to extend 
on the web. In this stage B–D, the resistance mechanism was primarily 

a) WUF-W-RBS-50-130-23 b) WUF-W-RBS-50-170-23 

c) WUF-W-RBS-75-130-23 
Note: when the vertical displacement of specimen WUF-W-RBS-75-130-23 approached 155.0 mm, the strain gauge at the lower flanges

of section R1 exceeded 1397 με, indicating that the section began to yield. As a result, the calculation after this point may be inaccurate. 

(a) Load vs. displacement curve and resistance mechanism of specimens WUF-W-RBS 

(b) Development of damage at key stages of response 

B–C: Crack propagated from both sides of bottom flange to the 

beam web (1) and then propagated deeply into beam web (2)

D: Completely failed (3) 

2 
1 

3 

Fig. 16. General behavior and resistance mechanism of WUF-W-RBS.  

C. Chen et al.                                                                                                                                                                                                                                    



Engineering Structures 225 (2020) 111297

12

provided by catenary, which had a VR-C/P value that increased from 
43.6% to 92.7%, while the flexural action continued to decrease to a 
negative value. When the specimen completely failed, its ultimate 
displacement reached approximately 215.4 mm (point E). 

3.1.4. WUF-W-RBS connection 
The three WUF-W-RBS specimens exhibited similar behaviors. 

Table 5 shows the detailed data of key points during loading. As shown 
in Fig. 16a, before the fracture of the bottom flange, the specimens 
performed similar to the specimen WUF-B-RBS. The three stages could 

be defined as the elastic, flexural stiffness decreasing, and flexural 
stiffness strengthening stages. The specimen was in the elastic stage, in 
which the applied load increased nearly linearly at the initial stage. 
Subsequently, the flexural stiffness began to decrease owing to the 
yielding of the specimen at point Y. After point A, the overall stiffness of 
the specimen increased because of the catenary action. After this point, 
the specimens exhibited a resistance mechanism similar to that of the 
other RBS samples, in which the catenary action continued to increase 
and finally became the principal resistance mechanism in the beams. 
However, notably, the specimen WUF-W-RBS-75-130-23 exhibited 
greater development of catenary action, whereas the flexural action 
declined to a negative value earliest. When the vertical displacement 
reached point B, the specimen approached its peak load. This was fol-
lowed by cracks appearing at both sides of the middle of the beam flange 
reduction; they quickly propagated from both sides to the beam web, 
and until point C, the crack propagated deeply into the beam web. 
Notably, unlike the WUF-B-RBS connection, the WUF-W-RBS connection 
did not have recovery capability after the failure of the bottom flange; 
the applied load continued to decrease until the specimen completely 
failed at point D. In this stage, catenary action played a predominant 
role, as showed in Table 5, and flexural action played a negative role in 
the beams. 

3.2. Deformation shape and limit displacement 

Fig. 17 shows the deformation shapes of the four connection types. 
Their deformation profiles show that the deformations of the two half- 
span beams are approximately rigid at the initial stage of deformation. 
In this stage, the overall deformation exhibited a type of pure flexural 
pattern; thus, the beams are mainly used to resist bending moments. 
With increasing load, the deformation is gradually concentrated near the 

Table 3 
Design parameters.  

Specimen ID Da 

[mm] 
Fp 

[kN] 
Mp 

[kN⋅m] 
Np 

[kN] 
Fcrack 

[kN] 

WUF-B-NRBS  25.0  87.1  59.2  757.5  111.2 
WUF-B-RBS-50-130- 

23  
115.0  57.3  36.4  544.0  178.6 

WUF-B-RBS-50-170- 
23  

135.0  58.2  36.4  544.0  203.3 

WUF-B-RBS-75-130- 
23  

140.0  58.5  36.4  544.0  212.1 

WUF-B-RBS-75-130- 
25  

140.0  55.3  34.4  525.5  180.4 

WUF-W-NRBS  25.0  87.1  59.2  757.5  174.4 
WUF-W-RBS-50-130- 

23  
115.0  57.3  36.4  544.0  217.6 

WUF-W-RBS-50-170- 
23  

135.0  58.2  36.4  544.0  238.8 

WUF-W-RBS-75-130- 
23  

140.0  58.5  36.4  544.0  267.0  

a Distance from the critical section (i.e., the predicted section where the 
plastic hinges formed) to the column flange. 

Table 4 
Data of key points during loading of WUF-B-RBS.  

Specimen ID WUF-B-RBS-50-130-23 WUF-B-RBS-75-130-23 

Point ID ω [mm] P [kN] VR-C [kN] VR-C/P ω [mm] P [kN] VR-C [kN] VR-C/P 

Y (yield point) 10.0 40.4 <0 <0% 15.1 60.9 <0 <0% 
A 86.4 76.4 0 0% 61.8 76.9 0 0% 
B (first peak) 221.0 178.6 116.2 65.1% 237.2 212.1 177.9 83.9% 
C 228.3 67.2 60.8 90.5% 244.2 87.8 133.9 152.5% 
D (second peak) 248.1 87.8 72.4 82.5% 258.3 104.1 149.5 143.6% 
E 249.2 78.9 62.5 79.2% 259.4 98.7 142.7 144.6% 
Specimen ID WUF-B-RBS-50–170-23 WUF-B-RBS-50–130-25 
Point ID ω [mm] P [kN] VR-C [kN] VR-C/P ω [mm] P [kN] VR-C [kN] VR-C/P 
Y (yield point) 10.3 43.9 <0 <0% 12.1 51.9 <0 <0% 
A 83.0 79.7 0 0% 80.5 75.4 0 0% 
B (first peak) 232.5 203.3 158.7 78.1% 225.6 180.4 150.6 83.5% 
C 243.5 78.4 86.6 110.5% 228.4 70.8 80.4 113.6% 
D (second peak) 256.7 88.5 96.0 108.5% 242.8 86.8 90.4 104.1% 
E 258.5 79.4 85.1 107.2% 243.4 81.1 81.9 101.0%  

Table 5 
Data of key points during loading of WUF-W-RBS.  

Specimen ID WUF-W-RBS-50-130-23 WUF-W-RBS-75-130-23 

Point ID ω [mm] P [kN] VR-C [kN] VR-C/P ω [mm] P [kN] VR-C [kN] VR-C/P 

Y (yield point) 15.4 57.7 0 0%  15.2  55.4 0 0% 
A 37.5 66.3 0 0%  40.8  73.6 0 0% 
B (peak) 232.7 217.6 215.9 99.2%  259.8  267.0 >267.0 >100% 
C 237.1 129.7 208.0 160.4%  260.16  158.6 >158.6 >100% 
D 249.6 94.6 175.8 185.8%  274.3  75.5 >75.5 >100% 
Specimen ID WUF-W-RBS-50-170-23  
Point ID ω [mm] P [kN] VR-C [kN] VR-C/P     
Y (yield point) 17.2 68.6 0 0%     
A 35.6 75.7 0 0%     
B (peak) 232.5 238.8 193.9 81.2%     
C 238.3 137.3 161.2 117.4%     
D 252.6 79.1 116.4 147.2%      
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connection joint, and the overall deformation is gradually similar to the 
suspension cable structure. The sagging of beams may generate 
considerable axial tensile force, thereby causing catenary action. In 
addition, subjected to the high horizontal constraint provided by the 
horizontal support frames, the partial internal bending moments may be 
offset by the horizontal force in the beam ends. This explains the decline 
of the flexural action in the beam. To further investigate the deformation 
capacity of different joints, Table 6 lists the values of the deformation 
limit and the corresponding post-failure displacement. 

The comparison in Table 6 indicates that, for the NRBS specimens, 
the bolted web connection joint exhibits a higher post-failure deform-
ability than the welded web connection joint owing to the deformation 
of the bolt holes and the shear action in the web. Li [22] and Wang [23] 
drew similar conclusions in their studies. However, for the RBS speci-
mens, the bolted web connection joint exhibits a similar value of post- 
failure deformation of no >21 mm compared with the welded web 
connection joint. Such a phenomenon may be directly related to their 
different damage patterns, as discussed in detail in Section 4.2. In 
addition, by comparing their ultimate failure displacement, it is found 
that the RBS connection can improve the ductility of the structure to a 
certain degree. 

4. Discussion of test results 

As presented in Section 3, the different connection types exhibited 
distinct load-carrying capacity and fracture modes. Table 7 shows the 
test results obtained for various specimens, including their load-carrying 
capacity considering catenary action (Pmax), load-carrying capacity 
increment caused by RBS (ρ1), load-carrying capacity increment caused 
by welded web compared to bolted web (ρ2), load-carrying capacity 
without catenary action (PM, max), and load-carrying capacity increment 
caused by catenary action (ρ3). 

Fig. 18 shows the applied load vs. vertical displacement curves of 
different specimens. It can be observed that the specimen WUF-W-RBS- 
75-130-23 exhibits the best resistance performance and ductility, 
whereas the specimen WUF-B-NRBS exhibits the poorest resistance 
performance, and the specimen WUF-W-NRBS exhibits the poorest 
ductility. To further investigate the factors influencing the progressive 
collapse resistance of structures, the performances of the specimens with 

(a) WUF-B-NRBS (b) WUF-B-RBS-50-170-23 

(c) WUF-W-NRBS (d) WUF-W-RBS-50-170-23 

Fig. 17. Deformation shapes of the four connection types.  

Table 6 
Deformation limits and corresponding vertical displacement.  

Specimen ID Limit states Post-failure 
displacement 

Bottom flange 
fracture state 

Ultimate 
fracture state 

WUF-B-NRBS 122.9 mm 239.2 mm 116.3 mm 
WUF-B-RBS-50- 

130-23 
228.3 mm 249.2 mm 20.9 mm 

WUF-B-RBS-50- 
170-23 

243.5 mm 258.3 mm 14.8 mm 

WUF-B-RBS-75- 
130-23 

244.2 mm 259.4 mm 15.2 mm 

WUF-B-RBS-75- 
130-25 

228.4 mm 243.4 mm 15.0 mm 

WUF-W-NRBS 186.1 mm 215.4 mm 29.3 mm 
WUF-W-RBS-50- 

130-23 
237.4 mm 249.6 mm 12.2 mm 

WUF-W-RBS-50- 
170-23 

238.3 mm 252.6 mm 14.3 mm 

WUF-W-RBS-75- 
130-23 

260.2 mm 274.3 mm 14.1 mm  
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and without RBS, different beam web connection methods, and different 
weakened parameters were analyzed as described in this section. 

4.1. Performance comparison of specimens with and without RBS 

As shown in Table 7, when only the flexural action is considered, the 
NRBS connection joints exhibited higher load capacity than the RBS 
connection joints. However, if the catenary action is considered, the load 
capacity of the RBS specimens could improve significantly, causing its 
load-carrying capacity to increase by at least 24.8% compared with the 
NRBS specimens. Moreover, the load-carrying capacity increment 
caused by catenary action is >100% of the capacity without catenary 
action, indicating that catenary action plays an important role in the 
resistance of RBS connection. 

Two factors can account for this phenomenon. First, for the NRBS 
specimens, the stress is mainly concentrated near the beam-to-column 

joints, and the deformability near the access holes is very less, which 
could cause an early fracture of the bottom flange near the beam-to- 
column joint. This failure mode could directly cause the flexural ac-
tion to decrease, although the specimen WUF-B-NRBS can still mobilize 
catenary action by the residual structure, the specimen could thus not 
afford a high resistance capacity at the post-failure stage. However, for 
the RBS specimens, the existence of RBS could make the plastic hinge be 
transferred to the weakened area, thereby avoiding early failure of the 
bottom flange near the weld access hole. 

Second, the RBS structure has a good deformability to dissipate the 
energy, which is conducive to the development of catenary function. It is 
noteworthy that the energy dissipation mechanism of the RBS connec-
tion joint subjected to monotonic loading is different from that subjected 
to cyclic loading. As reported in [33,40], under cyclic loading, most of 
the inelastic energy could be dissipated by yielding and local buckling at 
RBS. However, under monotonic loading, the specimen did not exhibit 
any buckling at RBS; thus, most of the inelastic energy was dissipated by 
the tensile deformation of RBS, especially at the bottom flange. The local 
buckling that is mainly a result of the compression stress substantiated 
this. The RBS will firstly entered the yield stage under loading, which 
can result in a decrease of the elastic modulus, whereas the critical stress 
of the local buckling is positively correlated with elastic modulus. 
Therefore, the RBS is prone to local buckling under cyclic loading 
because of the sections that had been tensile yield before could suffered 
under compression stress in the next half-cycle. However, except for the 
upper flange, the residual section was at a tension stage or low 
compression stress once the RBS yield was applied under monotonic 
loading (Fig. 20). This indicated that the RBS regions were primarily 
under a state of tension and the most energy was dissipated during the 
deformation of the RBS regions. Therefore, the RBS did not show local 
buckling. 

Additionally, to assess the rotational capacity of the RBS joint, the 
rotational capacities based on FEMA 350 [2], DOD [32], and the test 
results are listed in Table 8. Notably, this θU corresponded to the 
moment where the bottom flange fractured [30,31]. The reason being 

Table 7 
Summary of test results.  

Specimen ID Pmax
a 

[kN] 
ρ1

b 

[%] 
ρ2

c 

[%] 
PM, max 
d [kN] 

ρ3
e 

[%] 
Failure 
section 

WUF-B-NRBS  131.8  –  –  97.1  35.7 Beam-to- 
column joint 

WUF-B-RBS- 
50-130-23  

178.6  35.5  –  81.9  118.1 Reduced 
section 

WUF-B-RBS- 
50-170-23  

203.3  54.2  –  88.0  131.0 Reduced 
section 

WUF-B-RBS- 
75-130-23  

212.1  60.9  –  85.5  148.1 Reduced 
section 

WUF-B-RBS- 
75-130-25  

180.4  36.9  –  85.3  111.5 Reduced 
section 

WUF-W-NRBS  174.4  –  32.3  106.2  64.2 Beam-to- 
column joint 

WUF-W-RBS- 
50-130-23  

217.6  24.8  21.8  75.5  188.2 Reduced 
section 

WUF-W-RBS- 
50-170-23  

238.8  36.9  17.5  90.6  163.6 Reduced 
section 

WUF-W-RBS- 
75-130-23  

267.0  53.1  25.9  81.2  228.8 Reduced 
section  

a Pmax: valued based on the maximum applied load. 
b ρ1: calculated using the equation ρ1= (Pmax,RBS - Pmax,NRBS)/Pmax,NRBS, where 

the Pmax,RBS, and Pmax,NRBS represents the load-carrying capacity that considers 
catenary action with and without the RBS, respectively. 

c ρ2: calculated using the equation ρ2= (Pmax,weld - Pmax,bolt)/Pmax,bolt, where 
the Pmax,weld, and Pmax,bolt represents the load-carrying capacity that considers 
catenary action with welded and bolted web connection joint, respectively. 

d PM, max: calculated based on the maximum flexural action. 
e ρ3: calculated using the equation ρ3= (Pmax - PM, max)/PM, max. 

Fig. 18. Load vs. vertical displacement curves of different specimens.  
(a) WUF-B-NRBS (b) WUF-W-NRBS 

(c) WUF-B-RBS (d) WUF-W-RBS
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Fig. 19. Failure modes of the four connection types when the bottom 
flange fractured. 
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that if a sudden column loss scenario is considered, progressive collapse 
can be triggered upon the initial fracture of the bottom flange of the 
beam [23]. Clearly, these results exhibit a similar trend to the design 
values provided by FEMA 350 [2] and DOD [32], i.e., the RBS connec-
tion joint has the best rotational capacity, whereas the WUF-W-NRBS 
connection joint has the poorest. However, the general rotation was 
greater than the recommended values by the FEMA 350 [2] and DOD 
[32]. As indicated by Table 8, the rotational capacity of the RBS 
connection joint is >1.9 times as large as those based on the FEMA 350 
[2] guideline (this is similar to the results of Lew [30]), and >2.7 times 
as large as those based on the DOD [32] guideline. Additionally, the 
specimen WUF-B-NRBS shows 1.5 and 2.9, and WUF-W-NRBS shows 1.9 
and 3.3, respectively. Notably, caveats that exist in the tests because the 
rotational capacity that corresponded to collapse prevention that was 
provided by FEMA was determined using cyclic tests of full-size 
connection assemblies. Subsequently, these seismic data have also 

been adopted by DOD [32] to mitigate disproportionate collapse in the 
design phase. When compared to the seismic test results, the additional 
capacity was obtained under gravity load, which only considered the 
progressive vertical collapse. However, if the adjacent structure subse-
quently failed, owing to the insufficient lateral stiffness and bearing 
capacity, the progressive collapse may occur not only vertically but also 
horizontally. Wang et al. [41] have conducted an experimental inves-
tigation on the progressive horizontal collapse of a reinforced concrete 
frame and found that there is a difference in catenary action develop-
ment when the progressive horizontal collapse is compared to the pro-
gressive vertical collapse. Therefore, this conclusion does not possibly 
extend to the progressive lateral collapse. This will be the goal of future 
research. 

4.2. Performance comparison of different beam web connection methods 

As presented in Section 3.2, the RBS specimens exhibited an entirely 
different post-failure deformation compared with the NRBS specimens; 
such phenomena are directly related to their different fractured section 
and paths of crack development. To facilitate an intuitional contrast, the 
applied load vs. vertical displacement curves and axial force vs. vertical 
displacement curves for different beam web-to-column joints are re- 
plotted in Figs. 20 and 21. The different failure modes of the four 
connection types are plotted in Fig. 19. 

Notably, for the NRBS specimens, after the fracture of the bottom 
flange of the bolted web connection joint, an effective residual section 
still remains (Fig. 19a), which could allow for a substantial development 
of axial force in the beam via interactions between the beam web, bolts, 
and web plate. Whereas the welded web connection joints exhibit a 
continuous failure mode with crack propagating in the web (Fig. 19b), 
owing to the stress concentration at the crack tip, they could not afford 
an effective resistance for developing an axial strength force in the 
beam. However, for the RBS specimens, it is worth noting that, for the 
bolted web connection joint (Fig. 19c), the fracture of the bottom flange 
was accompanied by a crack propagating through the adjacent bolt 
holes, which led directly to the failure of the web-bolts-plate interaction. 
Thus, during the post-failure stage, although the structure can still resist 
the external force through the residual section, the post-failure 
displacement was very limit as shown in Fig. 20b–d, because the stress 
concentrated on the upper edge of the bolt hole may cause the fracture of 
residual section quickly. Such a failure mode is similar to the welded 
web connection joint, in which the crack propagated deeply into the web 
at the middle of RBS and the stress was concentrated on the crack tip, as 
shown in Fig. 19d. As a result, the two connection types exhibited 
similar post-failure deformation. 

Additionally, it is notable that the bolted web connection joint ex-
hibits a lower resistance than the welded web connection joint at the 
initial stage (Fig. 20). A possible explanation is that during this stage, the 
resistance mechanism is mainly provided by the flexural action, and the 
resistance of the structure is therefore directly associated with the full 
plastic yield moment of the dangerous section (Mp), whereas the exis-
tence of the bolt holes may reduce the effective sectional area, thus 
decreasing Mp, thereby causing the specimen to yield at a lower load. 
Fig. 21 compares the development of axial force between different beam 
web connection methods; notably, for the NRBS specimens, the welded 
web connection joint exhibits a poor response in the development of 
catenary action, which directly limits the ductility of the structure. 
However, the opposite result was observed in the RBS specimens. For the 
RBS specimens, the welded web can effectively improve the catenary 
action compared with the bolted web connection joint. This can be 
explained by the fact that the welded web could improve the integrality 
of the connection, and the web could thus provide for a more effective 
force transfer path. While the force transfer of beam web for the bolted 
web connection joint is via the web-bolts-plate interaction, when the 
deformation is sufficiently large, bolt slippage will appear in the beam 
web, which could lead to stress concentration near the bolt holes; such a 

Fig. 20. Strain gauge readings at critical sections. Note: the valid strain values 
of the strain gauges were at a range of 0–34,000 με. 

Table 8 
Comparison of rotational capacities based on seismic data, progressive collapse 
data, and test results.  

Specimen ID Rotational capacity (rad) θU/ 
θFEMA 

θU/ 
θDOD θFEMA 

a 
θp, 

DOD 
b 

θy 
d θDOD 

d 
θU 

c 

WUF-B-NRBS  0.055  0.019  0.009  0.028  0.081  1.5  2.9 
WUF-W- 

NRBS  
0.064  0.025  0.012  0.037  0.123  1.9  3.3 

WUF-B-RBS- 
50-130-23  

0.078  0.048  0.007  0.055  0.151  1.9  2.7 

WUF-B-RBS- 
50-170-23  

0.078  0.048  0.007  0.055  0.161  2.1  2.9 

WUF-B-RBS- 
75-130-23  

0.078  0.048  0.010  0.058  0.162  2.1  2.8 

WUF-B-RBS- 
75-130-25  

0.078  0.048  0.008  0.056  0.151  1.9  2.7 

WUF-W-RBS- 
50-130-23  

0.078  0.048  0.010  0.058  0.157  2.0  2.7 

WUF-W-RBS- 
50-170-23  

0.078  0.048  0.011  0.059  0.158  2.0  2.7 

WUF-W-RBS- 
75-130-23  

0.078  0.048  0.010  0.058  0.172  2.2  3.0 

eθU: ultimate rotational capacity that corresponds to collapse prevention based 
on the test result. 

a θFEMA: rotational capacity that corresponds to collapse prevention specified 
in FEMA 350 [2]. 

b θp, DOD: plastic rotational capacity specified in DOD [32]. 
c θy: yield rotation that corresponds to the yield point based on the test result. 
d θDOD: total rotational capacity that corresponds to collapse prevention that 

was calculated using the sum of the yield rotation, θy, and the plastic rotation, θp, 

DOD. 
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phenomenon may damage the web ahead of the bottom flange, thereby 
limiting the development of axial force in the beams. 

Finally, as shown in Table 7, compared with the bolted web 
connection joint, the welded web connection joint can effectively 
improve the load-carrying capacity by approximately 32.3% for the 
NRBS specimens and by 17.5–25.9% for the RBS specimens. Combined 
with the previous discussion, this analysis lends itself to the conclusion 
that the welded web connection joint exhibits higher performance 
against progressive collapse than the bolted web connection joint in the 
design of the RBS specimens. This is consistent with the recommended 
web connection detail in earthquake-resistant design, because the bolted 
web connection joint exhibits a higher incidence of fracture near the 
welds [33,40]. 

4.3. Performance comparison of different weakened parameters 

For investigating the influence of different weakened parameters on 
the behavior of the steel frames, this section compares different hori-
zontal distances from the column flange to the beginning of the flange 
reduction, a, different lengths of the flange reduction, b, and different 

depths of the beam flange reduction, c. Table 9 shows the influence of 
the different weakened parameters. 

As shown in Table 9, when the parameter a increases from 50 mm 
(0.5bf) to 75 mm (0.75bf), the load-carrying capacity of the welded web 
connection joint and bolted web connection joint increases by 28% and 
19%, respectively, respectively. Consistently, when parameter b 
increased from 130 mm (0.65db) to 170 mm (0.85db), the corresponding 
load-carrying capacity of the welded web connection joint and bolted 
web connection joint increased by 11% and 10%, respectively. It seems 
that either increasing parameter a or b can effectively improved the 
load-carrying capacity. Furthermore, as shown in Figs. 22 and 23, except 
for the specimen WUF-W-RBS-50-170-23, the load-carrying capacity 
primarily increases as a result of the higher catenary action in the beam 
during loading. 

This analysis shows mainly positive effects of parameter changes for 
the parameters a and b. On the contrary, increasing the parameter c may 
decrease the load-carrying capacity. Table 8 shows that when the 
parameter c increases from 23 mm (0.23bf) to 25 mm (0.25bf), the load- 
carrying capacity decreases by 15%, which indicates that the RBS 
specimen is highly sensitive to the depth of the beam flange reduction. In 
addition, the trends of internal force (Fig. 24) indicate that increasing 
the parameter c is not conducive to the development of the catenary 
action, which is mainly caused by the decrease in the effective sectional 
area (see Fig. 25). 

To verify the conclusions above, and avoid the possible discrepancies 
that could have occurred during the experimental tests, the parameters 
will be further extrapolated within and beyond the limits that were 
provided by FEMA 350 [2] through Finite Element (FE) analysis in 
Section 5. 

(a) NRBS (b) RBS-50-130-23 

(c) RBS-50-170-23 (d) RBS-75-130-23 

Fig. 21. Comparison of load vs. vertical displacement curves.  

Table 9 
Influence of weakening parameters.  

Beam web-to-column connection 
type 

Bolted web 
connection 

Welded web 
connection 

Load capacity increase by 
increasing a 

33.5 kN (19%) 49.4 kN (28%) 

Load capacity increase by 
increasing b 

24.7 kN (11%) 21.2 kN (10%) 

Load capacity decline by 
increasing c 

31.7 kN (15%)   
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(a) NRBS (b) RBS-50-130-23 

(c) RBS-50-170-23 (d) RBS-75-130-23 

Fig. 22. Comparison of axial force vs. vertical displacement curves.  

Fig. 23. Response for specimens with different values of a.  
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5. Numerical simulation 

5.1. Modelling establishment and validation 

The FE models of the experimental specimens, which include WUF-B- 
RBS-50-130-23, WUF-B-RBS-50-130-23, WUF-W-RBS-50-130-23, WUF- 
W-RBS-50-170-23, and WUF-W-RBS-75-130-23, were established using 
the ABAQUS software [42]. Fig. 26 shows the general view of the 

numerical model. The numerical analyses were implemented employing 
an explicit dynamic integration method. This method considered ma-
terial, geometrical, and boundary nonlinearities. The loading method 
used a smooth step amplitude displacement control by pushing down the 
middle column until the specimen eventually failed. Notably, to eval-
uate the quasi-static response of the specimen, it was necessary to ensure 
that the ratio of kinetic energy to internal energy did not exceed 5–10% 
throughout the loading process. 

Fig. 24. Response for specimens with different values of b.  

Fig. 25. Response for specimens with different values of c.  

Fig. 26. General view of numerical model.  
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The eight-node linear brick elements with reduced integration and 
hourglass control (C3D8R) were applied. The components were meshed 
with a sweep or structural technique, while the local seed constraints 
were employed near the connection zone to refine meshes (Fig. 27a and 
b). Based on the material coupon test results (Table 1), the true 
stress–strain relationship for each component was defined. The fracture 
of steel was simulated using the material property that was introduced 
by the ductile-damage, referred to ABAQUS ductile metal damage cri-
terion [43]. 

The boundary condition was reflected through fixed pin supports and 
allowed the central column could only perform vertical displacement 
and in-plane rotation. A general contact was defined using a normal 
“hard” contact and a friction coefficient of 0.3 [17]. Applied the 
“translator” connector elements simulated the pre-tightening force of 
bolts. Additionally, the welds were modeled through “tie” constraints. 

Fig. 28 compared the load versus displacement curves that were 
obtained from the experimental results and numerical simulation. 
Except for the specimen WUF-W-RBS-50-170-23, the numerical results 

(a) Bolted web connection (b) welded web connection 

Fig. 27. Mesh details near the connection zone.  

(a) WUF-W-RBS-50-130-23 (b) WUF-W-RBS-75-130-23 

(c) WUF-W-RBS-50-170-23 (d) WUF-B-RBS-50-130-23 

Fig. 28. Comparison of the load–displacement curves obtained from experimental test and numerical analysis.  
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of all the other specimens were approximately agrees with the test re-
sults, although there are some discrepancies, the primary response 
characteristics during entire process could be captured. Furthermore, 
Fig. 29 compared the failure modes presented in Fig. 14 and 16 with the 
corresponding numerical simulation results. The failure modes of the 
specimens with different beam web connection methods could also be 
reproduced adequately. This demonstrates that the FE models in this 
section could effectively predict the behaviors of the experimental tests. 
Additionally, the load-carrying capacity of the specimen WUF-W-RBS- 
50-170-23 may be underestimated, this will explained in Section 5.2. 

5.2. Parametric study 

In this section, in order to verify the effect of parameters on the load- 
carrying capacity of the assemblies that were mentioned in Section 4.3, 
21 numerical models were established. These numerical models were 
mainly based on the welded web connection because of its advanced 
performance when compared to the bolted web connection. Table 10 
summarizes the numerical results. 

5.2.1. Influence of parameter a 
The influence of parameter a on the load-carrying capacity of the 

RBS specimen was investigated by comparing three groups of models 
with different a parameters in Fig. 30. Conclusively an increase in 
parameter a within the recommended limit values can build up the load- 
carrying capacity of the RBS specimens. This is consistent with the 
conclusion obtained in Section 4.3. Furthermore, if the parameter was 
extrapolated beyond the recommended limit values, the load-carrying 
capacities improved when the parameter a increased. By compared 
their deformation states at the RBS region before the bottom flange 
fractured (see Fig. 31), it can be seen that the specimen with a higher 

parameter a exhibited a lower equivalent plastic strain (PEEQ) at the 
same displacement. The reason for this phenomenon can be explained 
by the increase in parameter a that can result in the plastic hinge being 
moved away from the column flange, thus creating the lower rotation 
angle of the plastic hinge under the same vertical displacement (see 
Fig. 32). While this rotation angle is directly related to the deformation 
degree of the RBS zone, a higher parameter a generates a lower 

(a) WUF-B-RBS-50-130-23 (b) WUF-W-RBS-50-130-23 

Fig. 29. Numerically determined failure modes.  

Table 10 
Numerical results.  

Specimen ID a b c Peak load [kN] 

WUF-W-RBS-37.5-130-23 0.375 bf 0.650 db 0.230 bf  224.7 
WUF-W-RBS-37.5-170-23 0.375 bf 0.850 db 0.230 bf  319.3 
WUF-W-RBS-50-110-23 0.500 bf 0.550 db 0.230 bf  199.1 
WUF-W-RBS-50-130-23 0.500 bf 0.650 db 0.230 bf  234.7 
WUF-W-RBS-50-150-23 0.500 bf 0.750 db 0.230 bf  277.8 
WUF-W-RBS-50-170-23 0.500 bf 0.850 db 0.230 bf  328.0 
WUF-W-RBS-50-190-23 0.500 bf 0.950 db 0.230 bf  355.7 
WUF-W-RBS-62.5-130-23 0.625 bf 0.650 db 0.230 bf  245.2 
WUF-W-RBS-62.5-150-23 0.625 bf 0.750 db 0.230 bf  295.5 
WUF-W-RBS-62.5-170-23 0.625 bf 0.850 db 0.230 bf  339.3 
WUF-W-RBS-75-110-23 0.750 bf 0.550 db 0.230 bf  209.9 
WUF-W-RBS-75-130-23 0.750 bf 0.650 db 0.230 bf  256.7 
WUF-W-RBS-75-150-23 0.750 bf 0.750 db 0.230 bf  306.7 
WUF-W-RBS-75-170-23 0.750 bf 0.850 db 0.230 bf  349.5 
WUF-W-RBS-75-190-23 0.750 bf 0.950 db 0.230 bf  372.8 
WUF-W-RBS-87.5-130-23 0.875 bf 0.650 db 0.230 bf  263.9 
WUF-W-RBS-87.5-170-23 0.875 bf 0.850 db 0.230 bf  358.4 
WUF-W-RBS-75-130-18 0.750 bf 0.650 db 0.180 bf  383.3 
WUF-W-RBS-75-130-20 0.750 bf 0.650 db 0.200 bf  330.2 
WUF-W-RBS-75-130-25 0.750 bf 0.650 db 0.250 bf  213.8 
WUF-W-RBS-75-130-27 0.750 bf 0.650 db 0.270 bf  189.5  

Fig. 30. Comparison of the influence of different parameters a.  
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equivalent plastic strain (PEEQ) at the same stage. 

5.2.2. Influence of parameter b 
Fig. 33 compared three groups of models that each contained a 

different parameter b. The load-carrying capacities of the specimens 

were improved with the increase in parameter b. This is consistent with 
the trend found in Section 4.3. However, the influence degree is higher 
than that obtained from the experimental test. This indicated that the 
load-carrying capacity of the specimen WUF-W-RBS-50-170-23 in the 
test could be underestimated. The stress contour plots of the different b 
parameters verified this, as shown in Fig. 34. The comparison shows that 
the increase in the parameter b not only results in the transfer of the 
plastic hinge away from the column flange (similar to the effect of 
parameter a) but also enables a larger area to dissipate energy, thus 

causing the decrease of stress concentration at the center of the RBS 
region. Therefore, an increase in parameter b is more effective than an 
increase in parameter a. The load-carrying capacity of the specimen 
WUF-W-RBS-50-170-23 in the test was underestimated. This also 
explained why, except for the specimen WUF-W-RBS-50-170-23, the 

(a) WUF-W-RBS-50-130-23 (b) WUF-W-RBS-75-130-23 

Fig. 31. Deformation states for different parameters a before the bottom flange fractured (ω = 218 mm).  

Rotation1
Rotation2

a2b/2
a1b/2

Fig. 32. The rotation angle of the plastic hinges with different parameters a.  

Fig. 33. Comparison of the influence of different parameters b.  

(a) WUF-W-RBS-50-130-23 (b) WUF-W-RBS-50-170-23 

Fig. 34. Stress contour plot for different parameters b before the bottom flange fractured (ω = 218 mm).  
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increased load-carrying capacity in other specimens primarily resulted 
from the higher catenary action in the beam during loading. Addition-
ally, as shown in Fig. 33, if the parameter is extrapolated beyond the 
limit provided by FEMA 350 [2], a similar trend to that found within the 
limit remains. This is consistent with that found in the parameter a, thus 
the values of a and b specified in FEMA [2] can be appropriately 
increased in the progressive collapse design. 

5.2.3. Influence of parameter c 
Fig. 35 shows that whether within or beyond the recommended limit, 

the effect of the parameter c showed that the lesser the depth in the 
reduced section, the higher the load-carrying capacity. Therefore, 
consistent with that obtained in Section 4.3 that stated that the load- 
carrying capacity of the specimen is significantly more sensitive to 
parameter c. Additionally, Fig. 36 compared the stress contour plots 
with different c parameters, it can be seen that the specimen with a 
greater parameter c exhibited lower stress in the middle of the RBS re-
gion under the same vertical displacement. This can be caused by the 
decrease in the effective sectional area at a critical section, which could 
directly result in the increase of corresponding stress under the same 
axial force. Therefore, the value of c specified in FEMA [2] can be 
appropriately decreased in the progressive collapse design. 

6. Conclusions and summary 

In this study, four types of connection joints comprising nine speci-
mens were tested to investigate the general behavior, resistance 

mechanism, and failure mode of steel moment frames under a scenario 
in which the central column is removed. According to the comparison of 
different specimens, different connection performances, the influence of 
RBS, beam web connection methods, and weakened parameters were 
analyzed. The following conclusions can be drawn from the analysis:  

1. The RBS connection joint is helpful in avoiding early fracture of 
beam-to-column joints and protecting the welding seam; further, it 
effectively improves the catenary action and load-carrying capacity 
of the specimen. Additionally, the RBS connection joint exhibits good 
rotational capacity, and the recommended rotational capacity by 
FEMA 350 [2] and DOD [32] is underestimated by a factor of at least 
1.9 and 2.7, respectively. This may result in undue conservatism in 
design. Notably, the above conclusions were based on the “B–J–B” 
simplified test. However, the actual restraint that was caused by the 
adjacent structures may not support the full development of catenary 
action.  

2. For the specimen without RBS, although the welded web connection 
joint is conducive to the increase in load-carrying capacity, its 
development of catenary action is highly limited and thus exhibits 

the poorest ductility, whereas for the bolted web connection joint, 
although the bottom flange fractured, there still exists an effective 
residual section to support the development of catenary action, and 
thus the specimen exhibits better ductility.  

3. For the specimen with RBS, the bolted web connection joint exhibits 
a post-failure mode similar to that of the welded web connection 
joint. Additionally, the welded web connection joint exhibits a 
higher resistance at the initial stage and a greater development of 
catenary action in the beam than the bolted web connection joint. All 
these phenomena are mainly caused by the existence of bolt holes in 
the web. Therefore, the welded web connection could be a recom-
mended beam web connection method in the design of the RBS 
specimen.  

4. In the design of the RBS specimen, increasing the values of horizontal 
distance from the column flange to the beginning of the flange 
reduction a and length of the flange reduction b in the recommended 
range provided by the FEMA 350 [2] provisions may increase the 
ultimate load-carrying capacity of steel frame to a certain degree, 
and increasing parameter b is more effective than increasing 
parameter a, whereas increasing the value of the depth of the beam 
flange reduction c significantly reduces the load-carrying capacity 
and ductility. Additionly, the recommended range provided by the 
FEMA 350 [2] is conservative, the parameter a and b can be appro-
priately increased in the progressive collapse design, while the 
parameter c can be appropriately decreased. 

Fig. 35. Comparison of the influence of different parameters c.  

(a) WUF-W-RBS-75-130-20                  (b) WUF-W-RBS-75-130-23 

Fig. 36. Stress contour plot for different parameters c before the bottom flange fractured (ω = 218 mm).  
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