
論文 / 著書情報
Article / Book Information

題目(和文)

Title(English) Cyclic behavior of steel beam-end connections with horizontal or
vertical oblique angle

著者(和文) 劉雨辰

Author(English) Yuchen Liu

出典(和文)  学位:博士(工学),
 学位授与機関:東京科学大学,
 報告番号:甲第373号,
 授与年月日:2025年3月26日,
 学位の種別:課程博士,
 審査員:吉敷 祥一,河野 進,石原 直,佐藤 大樹,山﨑 義弘

Citation(English)  Degree:Doctor (Engineering),
 Conferring organization: Institute of Science Tokyo,
 Report number:甲第373号,
 Conferred date:2025/3/26,
 Degree Type:Course doctor,
 Examiner:,,,,

学位種別(和文)  博士論文

Type(English)  Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)

http://t2r2.star.titech.ac.jp/


Cyclic behavior of steel beam-end connections 
with horizontal or vertical oblique angle 

Institute of Science Tokyo 

Liu Yuchen 

Doctor Dissertation 

December, 2024 
 

 

 



I 

ABSTRACT 

As the beam-to-column connection is a critical component for absorbing seismic energy, 

its damage and fracture have always been focused as important topics for research. In recent 

years, due to advancements in building design and functional requirements, the shapes of 

beam-to-column connections have become more complicated to accommodate these develop-

ments. One of the commonly seen forms of beam-to-column connections involves the connec-

tion with oblique angles. However, in existing studies on the behavior of these connections, 

the seismic performance and the effect of oblique angles have not been thoroughly investigat-

ed.  

This dissertation as a fundamental study on beam-to-column connections with oblique 

angles, focusing on the beam-end connection, which has the most significant shape changes. 

This dissertation investigates the cyclic behavior, failure sections, and effects of steel beam-

end connections with horizontal or vertical oblique angles through full-scale experiments and 

finite element (FE) analysis. 

In the chapter 2, the effects of horizontal oblique angles on the elastoplastic behavior of 

beam-end connections under cyclic loading were investigated. The von Mises criterion was 

employed to predict the failure sections of beam flange. An element test validated these pre-

dictions and demonstrated that horizontal oblique angles significantly influence the strain dis-

tribution at the obtuse angle zone and plastic deformation capacity. Subsequently, a full-scale 

experiment was conducted to confirm the conclusions from the element test. In the full-scale 

experiments, the beam-to-column connections with oblique angles exhibited stable hysteretic 

behavior and same behavior in elastic and plastic state, indicating that the oblique angle had 

little effect on the overall cyclic behavior of the connections. Additionally, the strain concen-

tration was also observed at the obtuse angle zone. The failure  section of the connection was 

perpendicular to the beam's axis. As a result, to avoid premature failure caused by strain con-

centration, it is recommended to use an extended diaphragm method for the connections with 

horizontal oblique angles greater than 15 degree. 

In the chapter 3, the effects of vertical oblique angles on the elastoplastic behavior of 

beam-end connections under cyclic loading were investigated, and a mechanism analysis for 

beam-to-column connections was proposed. In the mechanism analysis, the internal forces in 

the upper and lower flanges were calculated, and the failure section from the upper flange to 

the lower flange was identified. Additionally, a method for defining beam span in beam-to-

column connections with vertical oblique angles was presented. To validate the results of the 



mechanism analysis, a full-scale experiment was conducted. The full-scale experimental re-

sults showed that beam-to-column connections with vertical oblique angles exhibited stable 

hysteretic behavior and almost the same elastic and plastic behavior under cyclic loading. 

The analysis of failure modes and the number of cycles to failure showed that as the vertical 

oblique angle increased, the plastic deformation capacity of the connections noticeably de-

creased. These results consistent with the results of the mechanism analysis. 

In the chapter 4, FE analysis using ABAQUS was conducted to study the behavior of 

beam-end connections with vertical or horizontal oblique angles. For the vertical oblique an-

gles, the FE analysis accurately reproduced the experimental results by providing internal 

forces at the failure section, thereby confirming the effectiveness of the mechanism analysis. 

The results showed that the internal force in the upper flange increased linearly with increas-

ing vertical oblique angle. Moreover, the effects of loading direction, beam depth, and span 

were analyzed to further understand their impact on the behavior of connection. Similarly, 

for horizontal oblique angles, the FE analysis successfully reproduced the hysteretic behavior 

observed in the experiments and analyzed plastic strain changes at the beam end. The numer-

ical analysis revealed strain concentration changes in the obtuse angle zone under varying 

horizontal oblique angles, beam widths, and spans. Based on these deformation conditions, a 

strain analysis was conducted, and an equation for predicting the strain concentration was 

derived. 
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Chapter1 Introduction 

CHAPTER  1 

Introduction 

1.1 Background 

Steel moment-resisting frames (SMRFs) are widely used in earthquake-prone areas due 

to their excellent capacity for absorbing seismic energy. In these systems, beams and columns 

work together as a unit, absorbing seismic energy through plastic deformation to prevent the 

rapid collapse of buildings. A common design approach in SMRFs is the strong column-weak 

beam concept. Under this design criterion, beam-to-column connections are designed to form 

plastic hinges at the beam ends (Fig. 1.1). Consequently, when evaluating SMRFs, the seismic 

behavior and plastic deformation capacity of beam-to-column connections are critical factors.  

b

Plastic Hinge

Fig.1.1 Strong column-weak beam concept of SMRFs 
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Following the 1994 Northridge earthquake and the 1995 Kobe earthquake, brittle frac-

tures were observed around the lower flange of beam-to-column connections [1-4]. Investiga-

tions revealed issues such as insufficient welding material strength and defects in the welding 

details at the beam-to-column connections. To prevent premature fractures at beam-end, nu-

merous countries have conducted research on the design of beam-to-column connections. In 

the United States, the SAC Steel Project was initiated, leading to the development of design 

recommendations for steel structures, such as FEMA-350 and AISC, to standardize and im-

prove beam-to-column connection quality [5-6]. Similarly, in Japan, Takatsuka K. et al. [7] 

conducted experimental studies comparing the deformation capacity of welded access holes 

and slot welds, elucidating the corresponding fracture modes. Suita K. et al. [8]  investigated 

the effects of different weld access hole details and proposed new weld access hole details to 

prevent strain concentration and brittle fractures at the ends of the weld access holes. Addi-

tionally, Ishii T. et al. [9] conducted experiments on beam-to-column connections, using  dif-

ferent kinds of steel and connection types to investigate their impact. In Europe, to address 

seismic concerns, the EU code, specifically Eu 1993-1-8 [10], provides regulations for the 

construction methods of beam-to-column connections.  

Fig.1.2 Fracture photos of beam-to-column connections in Kobe earthquake.[29] 

Fig.1.3 Different type of weld access hole in Japan after Kobe earthquake.[8] 
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Additionally, To effectively evaluate the performance of beam-to-column connections, 

loading protocols employed for beam-to-column connections test. Various countries have de-

veloped design recommendations that include suggested loading protocols. For example, the 

United States has  the SAC protocol [11], Japan recommend Japan Iron and Steel Federation 

protocol[12]. 

Fig.1.4 Loading protocol of recommendation.[11-12] 

However, during the 2011 Tohoku earthquake, long-period ground motions were ob-

served, as shown in Fig.1.5. Buildings were subjected to prolonged swaying under these long-

period  earthquake ground motions [13]. In such conditions, the fatigue life of beam-to-

column connections was severely challenged. Traditional loading protocols were not effective 

in accurately reflecting the plastic deformation capacity of beam-to-column connections under 

these circumstances. Consequently, in the wake of the 2011 Tohoku earthquake, much of the 

research on beam-to-column connections has focused on the fatigue performance of these con-

nections. For example, Y.L. Chung et al. [15] conducted  experiments on 24 beam-to-column 

connections using a large shaking table to simulate long-period ground motion, elucidating the 

performance of beam-to-column connections under different welding methods. Experimental 

results show that the presence of RC slabs causes strain concentration at the lower flange end, 
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Fig.1.5 Acceleration time history of earthquake.[14] 

(a) 1995 Kobe earthquake (b) 2011 Tohoku earthquake 
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leading to a 50% reduction in plastic deformation capacity. D.G. Lignos et al. [16] used simu-

lations to propose a stiffness deterioration model based on Ibarra-Krawinkler model, high-

lighting that low-cycle fatigue induced connections fractures under long-period ground motion 

increase the story drift of the lower stories in high-rise buildings. D.S. Lee et al. [17] intro-

duced the Jb coefficient, which is the ratio of the yield strength of the flange and web in beam-

to-column connections to the yield strength based on the section of beam member, and demon-

strated that beam-to-column connections with similar Jb values exhibit comparable fatigue life, 

regardless of the type of beam-to-column connection.   

In recent years, with the advancement of research on beam-to-column connections, their 

seismic performance under various conditions has been studied. For instance, the seismic per-

formance of beam-to-column connections under ground motions of different direction[18] or 

at the corners of buildings [19]. Simultaneously, to address increasingly complex architectural 

designs, attention has been given to developing complex forms of beam-to-column connec-

tions to solve various needs. Examples include eccentric beam-to-column connections (Fig.1.6 

(a)) used at the outer edges to address architectural shape issues [20-21], special-shaped beam-

to-column connections designed to accommodate differences in column section sizes (Fig.1.6 

(b)) [22-23], and vertically eccentric beam-to-column connections to address variations in 

floor height (Fig.1.6 (c)) [24-25]. Although these types of beam-to-column connections are not 

frequently used, they exist in practice and are needed. Due to the complex force transferring 

characteristics and difficulty of fabrication methods of these beam-to-column connections, 

their failure modes differ significantly from those of traditional connections. The safety of the-

Fig.1.6 Complex forms of beam-to-column connections. 

(a) Eccentric  connections  (b) Different column section (c) Vertically eccentric connections  

Beam

Diaphragm

Column

e
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se connections has received considerable attention. In Japan, some of these complex beam-to

-column connection designs have already been incorporated into recommendations [26], as 

well as into standard details of steel structure for easier production [27-28]. 

 

1.2 Statement of problem 

In the background section, various stages of research on beam-to-column connections 

were discussed. Including studies on different shapes of beam-to-column connections, all of 

which employed perpendicular configurations between beam and column. However, to meet 

the demands of large spaces or specific architectural designs, beam-to-column connections 

with oblique angle(Fig.1.7) are also frequently used. As early as the 1995 Kobe earthquake, 

failures of these types of beam-to-column connections were observed [29], as shown in 

Fig.1.8. However, after this earthquake, there has been very little research on beam-to-

column connections with oblique angles, resulting in limited understanding of their seismic 



Beam

Diaphragm

Column



(a) Connection with horizontal oblique angle.  (b) Connection with vertical oblique angle.  

Fig.1.7 Beam-to-column connections with oblique angle. 

Fig.1.8 Damage to connections with oblique angles caused by the Kobe earthquake.[29] 
(a) Connection with horizontal oblique angle.  (b) Connection with vertical oblique angle.  
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performance. Up to now, design codes in various countries, such as in Europe and the U.S., 

rarely address these types of connections. In Japan, there are some design standards on the 

handling methods for producing beam-to-column connections with oblique angle [26-27], 

but the effect of oblique angle and the failure mode of beam-to-column are limited. Given 

this gap in research, it is crucial to understand the different types of beam-to-column connec-

tions with oblique angles. Beam-to-column connections with oblique angle can be broadly 

classified into vertical and horizontal type. Due to the presence of oblique angles, the flange 

and web of beam-to-column connections become irregular in shape, leading to changes in 

their mechanical characteristics and connection details. As a result, these changes can poten-

tially affect the seismic performance of the connections, making it essential to investigate the 

impact of oblique angles more thoroughly.  

 

1.3 Objectives and Scope of Research 

In order to address the evaluation of beam-to-column connections with horizontal and 

vertical oblique angles, this study aims to elucidate the effects of oblique angles on the seis-

mic performance of beam-to-column connections, including the effects on their basic hyster-

etic behavior (elastic stiffness and maximum strength) and plastic deformation capacity. The 

study will investigate the effects of oblique angles through mechanism analysis, full-scale 

experiments and analytical simulations. 

The mechanism analyses will concentrate on the beam end to investigate whether the 

oblique angle changes the force transmission mechanism and failure modes. The experi-

mental parts will involve cyclic loading tests on full-scale specimens to observe the fracture 

modes and cyclic behavior of each specimen, thereby validating the mechanism analyses. 

The Finite element (FE) analysis will replicate the experiments to determine whether such 

complex beam-to-column connections can be accurately modelled, and to investigate the 

causes of the observed effects through FE analysis. Finally, by analyzing different connec-

tion methods in FE models, design recommendations for beam-to-column connections with 

vertical and horizontal oblique angle will be given. 

 

1.4 Structure of Dissertation 

This dissertation is composed of five chapters, providing a detailed introduction to the 

seismic performance of beam-column connections with vertical and horizontal oblique an-
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gles. 

Chapter 1 presents the background of beam-to-column connections.  

Chapter 2 describes the experiments and analyses of beam-to-column connections 

with horizontal oblique angle, evaluating their seismic performance and the impact of hori-

zontal oblique angle. 

Chapter 3 describes the experiments and analyses of beam-to-column connections 

with vertical oblique angle, assessing their seismic performance and the effect of vertical 

oblique angle.  

Chapter 4 summarizes the impact of the oblique angles discussed in Chapters 2 and 3, 

addressing the negative effects of the oblique angles on behavior of beam-to-column connec-

tions through analytical models.  

Chapter 5 concludes with a summary of all findings from the research work and dis-

cusses future works. 
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CHAPTER  2 

Cyclic loading test of beam-end connections with 

horizontal oblique angle 

2.1 Introduction 

Steel structures possess excellent seismic performance and energy dissipation capabili-

ties, making them commonly used in earthquake-prone areas. As an earthquake-prone country, 

Japan has a large number of mid-rise buildings, among which the application of steel struc-

tures is widespread. In mid-rise steel frame structures, one of the most common beam-to-

column connections is through diaphragm connection. In Chapter 1, the introduction  de-

scribes various complex beam-to-column connections. According to the Japanese "Standards 

details of Structural Frame" [1], there are some cases which beams and columns must be con-

nected at an oblique angle. Unlike the seismic behavior of standard beam-to-column connec-

tions (Fig.2.1(a)), the seismic characteristics of beam-to-column connections with horizontal 

oblique angle (Fig.2.1(b)) are not well understood. Notably, beam-to-column connections with 

Column

Beam

Weld access hole

Diaphragm

QH

(a) Through diaphragm method.  (b) Connection with horizontal oblique angle QH  
Fig.2.1 Different type of beam-to-column connections. 
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horizontal oblique angle introduce bidirectional shear forces in the panel zone, and the irregu-

lar shapes of the beam-end connections further complicate the analysis. Under these circum-

stances, it is essential to study the seismic behavior of beam-to-column connections with hori-

zontal oblique angle. 

In previous studies, Kaibara et al. [2] conducted experiments with shear loading direc-

tions of 30° and 45°, to investigate the behavior of the panel zone under bidirectional shear 

forces,  reporting on the cyclic behavior of the panel zone. Arakida et al. [3][4] studied the cy-

clic behavior of panel zones with different aspect ratios under bidirectional shear forces 

through experiments and finite element (FE) analysis. These studies demonstrated that the 

panel zone exhibits stable hysteretic behavior, with higher maximum strength observed at the 

45° loading direction. However, these studies only tested the panel zone and did not include 

the beam portion. 

Recently, several studies have focused on the strength and ductility of the panel zone 

with beam portion, to clarify the impact of non-vertical ground motion inputs on the behavior 

of beam-to-column connections. Wang et al. [5][6] developed weak panel-type beam-to-

column connections with a three-dimensional cruciform to test the cyclic behavior of the panel 

zone under bi-directional loading. Chan et al. [7] proposed a new analytical model to predict 

the cyclic behavior of the panel zone under bidirectional loading, which aligned well with the 

experimental results [5]. Additionally, some studies have investigated beam-to-column con-

nections under bidirectional cyclic loading at corner of buildings[8][9]. Although these studies 

indicated that the fracture mode in the panel zone under bidirectional loading was different, 

the panel zone still exhibited stable hysteretic behavior, consistent elastic stiffness, and consid-

erable strength [4][5][7]. Therefore, these studies suggested that when beam-to-column con-

nections with horizontal oblique angle are subjected to cyclic loading, the panel of these con-

nections will shows stable cyclic behavior and greater strength. 

Following previous studies, using the strong column weak beam design criteria can con-

trol the seismic behavior of the panel zone in beam-to-column connection with horizontal 

oblique angle. However, the behavior of the irregularly shaped beam ends has yet to be clari-

fied. Therefore, more experiments are needed on beam ends of beam-to-column connection 

with horizontal oblique angle to provide detailed information on their hysteretic behavior and 

failure mode. To elucidate the seismic behavior of the beam ends, this chapter investigates the 

hysteretic behavior and plastic deformation capacity of beam-to-column connections with hor-
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izontal oblique angle. The research includes mechanism analysis, element testing and full-

scale experiments. The von Mises criterion was firstly used to calculate the failure sections. 

Then, an element test was carried out to verify the conclusion. Full-scale experiment were also 

conducted. Specimens were subjected to cyclic loading to determine their hysteretic behavior. 

The seismic behavior was evaluated by comparing the effects of horizontal oblique angle, hys-

teretic behavior, skeleton curves, and fracture modes. 

2.2 Mechanism analysis 

This chapter analyzes the failure sections at the beam ends using the von Mises criterion 

[10]. A beam-end with horizontal oblique angle is shown in Fig.2.2(a). When the beam is sub-

jected to shear force, due to the maximum bending moment appearing at the beam end, two 

potential failure sections can be anticipated as shown in Fig.2.2(b). The t-section is subjected 

to the maximum bending moment, while the u-section is perpendicular to the beam flange and 

represents the shortest fracture path. 

( sin cos )in n f nt fW dus q t q= + (2.2) 

(2.1) 

t-section u-section 

Based on the von Mises yield criterion, the strength of the two sections is examined. 

Taking half of the beam's flange as the subject, its stress state under tensile force is illustrated 

in Fig.2.3. Here, the tensile force is denoted as P. For the purpose of establishing equations, 

the angle θf = (90°-QH) is defined and used in the subsequent discussion (Fig.2.3). Then, the 

stress yield condition is  expressed by the following Eq. 

 

Where σn and τnt are the normal and shear stresses on the t-section (see Fig. 2.3),and Y is the 

uniaxial yield stress. When the subject develops an incremental deformation du, the defor-

mation caused by the normal stress snt is expressed as dusin θf, and the deformation caused by 

the shear stress tnt is expressed as ducos θf. Therefore, the stress work Win is calculated using 

the Eq.(2.2). 

 

According to the normality rule, the following equations can be given, where ζ is the propor-

Fig.2.2 Definition of flange element.   

Flange element 

2 2 23 0n nt YF s t= + - =
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du u-section 

t-section 

B 

Fig.2.3 Examination of stress state of the flange element. 

tionality constant.  

Using Eqs. (2.1) – (2.3), tn and tnt can be derived as follows:  

2(1 2sin )
,

sin 3 sin

fin
u t

f f

YBdW Bd
P YBd P

du

q
q q

+
= = = (2.6) 

By integrating Eqs. (2.2) and (2.4), Win from the t-section can be expressed using Eq. (2.5).  

When the thickness of the flange is set to d, based on the relationship between stress work and 

deformation, the failure strengths Pt and Pu of the t and u-sections can be expressed as follows: 

t
u 

t

u 

QH

0
QH

15 30 45

1.0

1.1

1.2

0

The strength of u-section

The strength of t-section

Pt / Pu

Fig.2.4 Relationship between failure strength and horizontal oblique angle. 

sin 2 , cos 6f n f nt
n nt

du du
F Fq z zs q z zt
s t

¶ ¶
= = = =

¶ ¶ (2.3) 

The relationship between the failure strength ratio Pu /Pt determined by Eq.(2.6) and the hori-

zontal oblique angle QH is shown in Fig. 2.4. It can be observed that the smaller the angle qf, 

meaning the larger the horizontal oblique angle QH, the greater the failure strength of t-section 

compared to u-section. This indicates that in beam flange with an oblique angle, t-section does 

not constitute a critical failure section.  
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2.3  Element test 

A tensile test on flange elements with horizontal oblique angle was conducted, including 

verification of the results based on the von Mises yield criterion in Section 2.2.  

 
2.3.1 Test specimens 

An overview of the specimens is shown in Fig. 2.5, whose shape followed the JIS stand-

ard[11]. The properties of materials used are listed in Table 2.1. The test assumed an H-beam 

(RH400x200x8x13) is connected to a diaphragm with horizontal oblique angle. The speci-

mens were designed to replicate the flanges and diaphragms of the H-shaped steel beam using 

PL12 (SS400) and PL36 (SS400), respectively. In this test, a sufficient thickness of PL36 dia-

phragm was used to confirm the failure section. 

The weld between the beam flange element and the diaphragm featured a 7mm root gap 

and a 35° bevel angle, and it used complete joint-penetration (CJP) groove welded with a 

backing plate FB-9x25. JIS YGW18 electrode (FEXX = 550 N/mm2 and minimum CVN tough-

ness of 70 J at 0 °C) [12] was employed for the welding. The strength of the weld was signifi-

cantly higher than the yield strength of the specimen  

The parameter was the horizontal oblique angle QH. Four specimens (L series) were pre-

Fig.2.5 Test specimens of beam flange element.  

L series 

QH＝0,15,30,45 

l 

130 

80 

PL36 

PL12 

PL36 

l 
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CJP groove weld 
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CJP groove weld 

Beam flange 

 element 

Beam flange 

 element 

Diaphragm 

Diaphragm 

Detail of weld 
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Test specimens  σy  [N/mm2] σu  [N/mm2] E.L.[%] 

Beam flange element SS400 PL12 316 425 28 

Diaphragm SS400 PL36 296 450 33 

Welding electrode YGW 18 467 565 28 

Table 2.1 Properties of materials  

pared for horizontal oblique angles of QH=0°, 15°, 30°and 45°, named L0, L15, L30, L45, 

respectively. The length l of the beam flange element part of the L series is 250mm. Addi-

tionally, three more specimens (S series), which parameter was horizontal oblique angles of 

QH =15°, 30°and 45° with beam flange element lengths 1/10th of the L series were prepared 

to promote failure of the beam flange element.  

Note: E.L.: Elongation  

u 

t 

Position of strain gauges  

2.3.2 Measurement plan 

The test was conducted using tensile testing machine, ensuring that the center of the 

element aligned with the direction of tensile force. The specimen was clamped at both ends, 

approximately 170mm from each end, the load was applied monotonically until fracture 

could be observed. 

The measurement plan is shown in Fig. 2.6, and the setup photo is presented in Photo 

2.1. The measuring range of specimens was defined as L0. During the test, deformation δ was 

obtained using relative displacements measured by displacement transducers installed at the 

upper and lower of the specimen. Strain gauges were attached near the welding part between 

the beam flange element and the diaphragm in both u and t-section to measure local strain e 

in each position. 

L0=315mm 

Measuring range 

P 

P 

Fig.2.6 Measurement plan. 

30 

Displacement 
transducers 15 

Centerline 
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2.3.3 Test results 

The relationship between tensile force P and average strain for each series is shown in 

Fig. 2.7. The vertical axis represents the tensile force P, and the horizontal axis represents the 

average strain eave, calculated by eave=δ/L0. Different color distinguishes the specimens with 

different horizontal oblique angle, and black markers indicate the ultimate deformation du of 

the specimens. The test result observed shows that all specimens initially increased linearly 

with load while maintaining almost same stiffness and yielded strength around 260 kN. After 

yielding, the load increased with strain hardening. Additionally, L45 and S45 fractured with-

out reaching the ultimate force, whereas other specimens reached ultimate force before frac-

turing.  

 Table 2.2 presents the comparison of test results for each specimen. It was observed that 

the horizontal oblique angle did not influence the stiffness (k), yield force (Py), or the ultimate 

force (Pu). However, the ultimate deformation (du) decreased with increasing horizontal 

Strain gauges

Displacement 
transducers

Specimen

P P

(b) Side view (a) Front view 

Photo 2.1. Experimental setup (Specimen L45)  

Fig.2.7  Loading behavior of specimens.  
(a) L series  (b) S series  
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Len. of 
beam flange 

element 
l [mm] 

Measuring 
range 

L0[mm] 

Stiffness 
k[kN/mm] 

Yield force  
Py[kN] 

Ultimate force 
Pu[kN] 

Ult. deformation 
δu[mm] 

Fracture 
section 

L0 

250  315 

217 257 398 74.6 u 

L15 209 258 399 72.4 u 

L30 210 255 399 63.0 u 

L45 211 257 395 42.0 u 

S15 42 107 217 266 424 14.6 u 

S30 55 120 200 254 417 16.8 u 

S45 72 137 208 260 412 12.7 u 

Table 2.2. Summarize of test results.  

oblique angles, indicating a significant impact on the deformation capacity. Photo 2.2 shows 

the ultimate state of the specimens. All specimens fractured at the u-section, confirming the 

von Mises criteria calculations. Specimen L45, S15, S30, S45, unlike L0, L15, and L30, ex-

hibited premature fracture initiating at the point marked by the red arrow in Photo 2.2, then 

propagated along the u-section until completed failure.  

Photo 2.2. Ultimate state of the specimens. 

To compare the impact of horizontal oblique angle on the plastic deformation capacity 

of the L and S series, the test results of horizontal oblique angles and ultimate plastic defor-

mation are summarized in Fig. 2.8. The vertical axis represents the ratio of the ultimate plas-

tic deformation of L series specimens to that of the L0 specimen, and for the S series, it is 

compared to the S15 specimen. The horizontal axis represents horizontal oblique angle. The 

results indicate that as the horizontal oblique angle increases, the ultimate plastic deformation 

capacity significantly decreases, particularly at 45 degrees, where it decreases by nearly 50%.  

For further analysis, the strain distributions in the t and u-sections of L series were also 

compared, as shown in Fig. 2.9. The local strain e was picked at the point when deformation 

δ reached 20 mm, representing the strain hardening phase of each specimen. The distance x 

indicated the position of the strain gauges. In the figure, the acute angle zone was within 10 

mm along the t-section, and the obtuse angle zone was at the intersection of the t and u-

L0

  

L15 L30 L45 S30 S45 S15 
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L series 

0 15 30 45 

1.2 

1.0 

0.8 

0.6 

0 

 d u(L15, L30, L45) /d u(L0), d u(S30,S45) /d u (S15)  

QH 

S series 

Fig. 2.8 Effect of horizontal oblique angle on deformation capacity  

sections (Fig. 2.9(b)). For specimens L15, L30, and L45, the local strain e values in the ob-

tuse angle zones were larger than those in the acute angle zones. Particularly for specimens 

L30 and L45, the local strain e of the t-section significantly decreased from the obtuse to the 

acute angle zone, indicating that the local strain in specimens with horizontal oblique angle is 

concentrated in the obtuse angle zone. 

Additionally, Fig.2.9 compares the local strain e at every position along the t and u-

sections. Since the e of the u-section exceeded that of the t-section, the u-section was consid-

ered the failure section. For specimen L45, the local strain e in the obtuse angle zone was 2 

times higher than that of a point with distance x=10 mm in the u-section. This phenomenon 

led to a premature fracture at the position indicated by the red arrow (Photo 2.2).  

Fig. 2.9 Effect of horizontal oblique angle on deformation capacity.  
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0

0.5

1

1.5

2

2.5

0 15 30 45
QH [degree]

du-L0 / du-LQH

emax-LQH
/ eave-L0

Fig. 2.10 Comparison between ultimate deformation capacity and strain increasing ratio. 

2.4  Test program of beam-to-column connections 

Based on the element test results, horizontal oblique angles cause strain concentration, 

which may lead to premature fracture in the obtuse angle zone of beam flange elements. To 

accurately understand the overall behavior of beam-to-column connections, full-scale experi-

ments were planned. In these experiments, the specimens were designed according to the 

strong column-weak beam concept to ensure the beam yields before the column and dia-

phragm. The specimens will use the through diaphragm method, which is commonly applied 

in Japanese steel structure buildings.  

 

2.4.1  Test specimens 

Similar to the element tests, the parameter in the full-scale experiments was the hori-

zontal oblique angle QH. A total of five specimens were tested, and the detail of specimens is 

δu−L0/δu−LQH ,emax-LQH /eave-L0 

To confirm the relationship between the degree of strain concentration and the reduc-

tion in ultimate deformation capacity, the strain concentration was evaluated, as shown in 

Fig.2.10. In this figure, the vertical axis represents emax-LQH /eave-L0, where emax-LQH is the maxi-

mum local strain of each specimen pick from Fig. 2.9 and eave-L0 is the average local strain of 

the specimen L0. This ratio represents the degree of strain concentration. The reduction of 

ultimate deformation capacity δu−L0/δu−LQH was compared with the strain increasing ratio. The 

results indicated that the strain increasing ratio correlates with the reduction in ultimate de-

formation capacity, confirming that strain concentration is a primary cause of reduced ulti-

mate deformation capacity.  
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shown in Fig.2.11(a). A specimen without an horizontal oblique angle (QH =0°) served as the 

standard specimen (NS0), while the other specimens had horizontal oblique angles of 15° 

(NS15), 30° (NS30), and 45° (NS45). For the connections with horizontal oblique angle, the 

beam ends were cut to accommodate the oblique angles. Simultaneously, another specimen 

with a horizontal oblique angle of 15° (NS15E) was tested. The connection of NS15E speci-

men was fabricated using the methods outlined in the "Standards details of Structural 

Frame,"[1] with an extended diaphragm to accommodate the horizontal oblique angles, as 

shown in Fig. 2.11(a).  

For all the specimens, the beam dimension was H-400 × 200 × 8 × 13 (depth × flange 

width × web thickness × flange thickness), made of SS400 steel (nominal yield strength of 

235 N/mm² and tensile strength over 400 N/mm²). The columns were cold-rolled square hol-

low sections (SHS) made of BCR295 steel (nominal yield strength of 295 N/mm² and tensile 

strength over 400 N/mm²), with dimensions of 250 × 250 × 12 (depth × width × plate thick-

ness). 

Table 2.3 lists the material properties of the specimens. Fig. 2.11(b) shows the welding 

details of beam-to-column connections. The beam-to-column connections were welded to the 

diaphragm using the through diaphragm method. To ensure the diaphragm remain elastic 

during the experiments, it was made of SN490C steel (nominal yield strength of 325 N/mm² 

9x25

25 7
Column

Diaphragm

Backing plate

CJP weld

Non-weld 
access hole

RH-400x200x8x13
(SS400)

-250x250x12
(BCR295)

Beam

Jig

Column

Diaphragm
PL19
(SN490C)

900
QH

900
QH

Fig.2.11 Test specimens.  

(a) Specimens detail (b) Detail of weld 

Table.2.3 Material properties of the full-scale experiment.  

Part Steel type
Thickness

t [mm]
Yield strength

sy [MPa]
Ultimate strength

su [MPa]
Y.R. 
[%]

E.L.
[%]

Beam flange SS400 13 383 438 87 30
Beam web SS400 8 412 501 82 22

Column BCR295 12 393 489 80 14
Note: Y.R.: Yield ratio, E.L.: Elongation

NS15 NS15E 
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(Horizontal oblique angle)(None horizontal oblique angle)

Pin

Column jig

hydraulic jack and load cell

2400

+ -
Q

Beam extension jig

Lateral support

Specimen

A

A

L

and nominal tensile strength over 490 N/mm²), with a thickness of 19 mm. The diaphragm 

extend 25 mm outward from the column face, in accordance with Design of Connections in 

Steel Structures Specifications of Japan [13]. The beam flanges and columns were welded to 

the diaphragm using CJP welds, and the beam webs were welded to the columns using fillet 

welds. Since weld access holes affect strain distribution and deformation capacity of beam 

flange, potentially leading to failures near the welds access hole [14], all specimens were 

connected using non-welded access holes method. 

 

2.4.2  Measurement plan and setup 

The setup is shown in Fig. 2.12, with photographs of the setup in photo 2.3. To facili-

tate loading, a new design was adopted in the setup. The direction of the beam was fixed, and 

variations in oblique angles were achieved by rotating the column. In this setup, the column 

ends of the specimens were pin connected to the frame through column jigs. The distance 

between two pins were 2400 mm. The beam part of specimen was extended using a beam 

extension jig, and the end of beam extension jig connected to a hydraulic jack. Lateral sup-

ports were installed at the top and middle of the beam to prevent lateral buckling. Table 2.4 

lists the span and details of each specimen. Due to the varying of horizontal oblique angles, 

specimens S15, S30, and S45 had irregular beam ends. In these cases, the center of web was 

set as the measurement point for span L (marked in Table 4 and Fig. 2.12). The length L, 

(a) Front view (b) A-A Cross-sectional view 
Fig.2.12 Test setup. 
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Photo. 2.3 Photographs of the setup. 

No. NS0 NS15 NS30 NS45 NS15E

Oblique angle QH 0° 15° 30° 45° 45°

Detail of 
diaphragm

(mm)

Span L (mm) 2175 2170 2154 2125 2170

25 25 25
25

Table. 2.4 Detail of beam-to-column connections. 

-

which was defined as the hydraulic jack center to the beam-to-column connection, was ap-

proximately 2150 mm.  

The measurement plan is shown in Fig. 2.13. Horizontal and vertical displacement 

transducers were installed on targets, which extend from the diaphragm (see Fig. 2.13). The 

absolute displacement measured from displacement transducers in the horizontal and vertical 

directions are represented by x1-x8 and y1-y8, respectively (Fig. 2.13(c)). Column and panel 

rotation angles, and beam rotation angle are defined as θc+p and θb, calculated using equations 

(2.7) - (2.8). 
(2.7)  

(2.8)  

Here, db is the beam depth, and tf is the flange thickness. The beam rotation angle θb was 

used as the controlled displacement for loading. The shear force Q was measured using a 

load cell attached to the hydraulic jack. Similar to the element tests, strain gauges were 

placed at  beam ends to study strain distribution, as shown in Fig. 2.13(b) with black marks. 

Notably, strain gauges along the t-section were positioned 20 mm from the weld to mitigate 

welding effects. 
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Fig. 2.13 Measurement plan (Length unit: mm). 

2.4.3  Loading protocol 

The loading protocol is shown in Fig. 2.14. Initially, the first loading level was kept 

within the elastic range of the beam-end connections to confirm elastic behavior, based on 

the material properties of the specimens. The amplitude of each loading level was 0.005 

(elastic), 0.01, 0.015, 0.02, 0.025, and 0.03 rad, with each level repeated for two cycles. Due 

to the stroke limit of the hydraulic jack being reached at 0.03 rad, the specimens were then 

subjected to constant-amplitude cyclic loading at 0.03 rad until fracture after the increasing 

amplitude. 

3%

0

0.01

0.02

0.03

-0.01

-0.02

-0.03

θb [rad.]

0.5% 1%

1.5% 2%

2.5%

Increasing amplitude

Constant loading until fracture

Fig. 2.14 Loading protocol. 
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(d) Specimen NS45

2.5  Experiment results 

This part will summarize the experimental results, evaluating the hysteretic curves, 

skeleton curves, fracture modes, strength deterioration of constant amplitude loading and 

strain distribution of beam end. 

 

2.5.1 Hysteretic behavior and skeleton curves  

Fig. 2.15 shows the hysteretic behavior of the NS specimens under increasing ampli-

tude loading. The vertical axis represents the beam moment M, given as M=L·Q, and the 

horizontal axis represents the beam rotation angle θb. The red lines in Fig. 2.15 show the cal-

culated results of the elastic stiffness and the full plastic moment Mp. Comparing the hyster-

etic behaviors of the NS specimens, all exhibited stable hysteretic loops. For all NS speci-

mens, the beams remained elastic until the 0.005 rad loading cycle. A decrease in stiffness 

was observed when M reached the full plastic moment Mp. The elastic stiffness and full plas-

Fig. 2.15 Hysteretic curves of NS specimens under increasing amplitude loading. 



 

— 2 —  16  — 

Chapter 2 Cyclic loading test of beam-end connections with horizontal oblique angle  

tic moment were consistent with the calculated results. For all specimens, as beam rotation 

angle increased, the beam end moment continued to rise. However, local buckling occurred 

at the beam ends during the cycle at 0.03 rad loading amplitude, leading to a decrease in 

beam end moment. Notably, during the loading process of NS15 specimen, a slip occurred at 

the beam extension jig to the specimen joints during the negative loading of second 0.01 rad 

cycle, resulting in different behavior compared to the first 0.01 rad cycle. Furthermore, a 

comparison of the hysteretic curves for NS15E and NS0 specimen is shown in Fig. 2.16. 

NS15E Specimen also exhibited stable hysteretic curves, with initial stiffness and yield 

strength similar to those of NS0. That means the different of fabrication did not change the 

behavior of beam-to-column connection. 

 Skeleton curves were used to evaluate the elastic and plastic behavior of the speci-

mens. The definition and extraction method of the skeleton curve are shown in Fig. 2.17(a), 

where Sθb represents the cumulative beam rotation angles. Fig. 2.17(b) and (c) display the 

results of the skeleton curves extracted from Fig. 2.15 and 2.16. In the figure, different colors 

distinguishing the various specimens. Despite the differing horizontal oblique angles and fab-

rication methods, similar elastic and plastic behaviors were observed for all specimens.  

The elastic stiffness, maximum strength, and the number of cycles to the damage state 

are summarized in Table 2.5. The elastic stiffness was determined using the least squares 

method for the 0.005 rad amplitude loading cycle. Notably, all specimens exhibited the same 

elastic stiffness and maximum strength. Combining these results, it can be concluded that an 

horizontal oblique angle has no significant effect on the timing of yielding and local buckling 

and does not influence the hysteretic behavior during the increasing-amplitude loading pro-

cess.  
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(b) Specimen NS15E
-600

-400

-200

0

200

400

600

-0.04 -0.02 0 0.02 0.04

Beam moment M [kN·m]

qb [rad.]

(a) Specimen NS0

Fig. 2.16 Hysteretic curves of NS0 and NS15E specimens. 
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2.5.2 Plastic deformation capacity and fracture modes 

The peak moment per cycle during loading is summarized in Fig. 2.18 to evaluate the 

deterioration of strength. The vertical axis represents the beam moment M, and the horizontal 

axis represents the number of loading cycles N. Different shapes in the black markers indi-

cate specimens with various horizontal oblique angles, while the blue one represents the 

NS15E specimen with a different fabrication method. Due to COVID-19, the loading for 

specimens NS0 and NS15 were interrupted after the 20th cycle. After about one week load-

ing resumed at the 21st cycle, the maximum beam moment increased due to strain aging. No-

tably, under constant amplitude loading, the deterioration of the maximum moment per cycle 

was similar for all specimens, regardless of oblique angle or fabrication method. 

Table 2.5 compares the timing of cycles to fracture under constant amplitude loading. 

All specimens showed ductile crack initiation around the 22nd cycle and clearly fracture 

around the 30th cycle. The similar time of ductile cracks and fracture cycles indicates that the 

horizontal oblique angle and fabrication method has less impact on the plastic deformation 

capacity and deterioration trend of beam-to-column connections when the local buckling oc-

curred.  
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(a) Definition of skeleton curve (b) Skeleton curve of specimens
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Fig. 2.17 Hysteretic curves of NS series and NS15E specimens. 

Specimen Stiffness exp. 
Kexp [kN/mm] Stiffness cal. 

Kcal [kN/mm] Kexp / Kcal Max strength 
Mu [kN·m] 

Cycles of damage state 
Local buckling Ductile crack Timing of fracture cycle 

NS0 13.1 12.2 1.07 559.2 0.03(2-)* 0.03(18+) 0.03(22+) 
NS15 12.7 12.2 1.04 567.0 0.03(2-) 0.03(27+) 0.03(34+) 

NS15E 13.0 12.2 1.06 570.1 0.03(1+) 0.03(22+) 0.03(33+) 
NS30 12.0 12.5 0.96 571.5 0.03(1+) 0.03(25-) 0.03(32-) 
NS45 13.2 12.9 1.02 572.0 0.03(1+) 0.03(24-) 0.03(29-) 

*0.03(2-): Negative loading of the second cycle of 0.03 rad.         

Table 2.5 Summary of experimental results. 
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Fig. 2.18 Peak moment of each cycle. 

Fracture mode of the specimens are shown in Photo 2.4. Annotations indicating the 

locations of maximum deformation due to local buckling at the beam ends (local buckling 

location). All specimens, except NS45, fractured at the locations of maximum deformation 

caused by local buckling. In NS45, ductile cracks initiated at the location of local buckling 

but extended toward the obtuse angle zone, clearly showing a difference between the fracture 

and the local buckling location in the side view of fracture photo (Photo 2.4(e)). Comparing 

the fracture modes in the element test, all specimens fractured at u-section. However, due to  

beam deformation concentrating at the local buckling locations during the constant amplitude 

loading, the fracture mode of specimens differed from that observed in the element tests.  

Comparing the local buckling location of each specimen, it was found that the local buckling 

location shifted closer to the beam end with the horizontal oblique angle increasing. Alt-

hough different local buckling location did not significantly affect strength deterioration 

trend behavior, the horizontal oblique angle had a significant impact on the local buckling 

location. 

Photo 2.4 Fracture mode of the specimens. 
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(b) Specimen NS15

(d) Specimen NS30

145
250

Fracture of 
local buckling

50
120

270

(e) Specimen NS45

Fracture extend to 
obtuse angel zone

Fracture



 

— 2 —  19  — 

Chapter 2 Cyclic loading test of beam-end connections with horizontal oblique angle  

2.5.3 Strain distribution of flange and developing process of the plastic field 

 The fracture photos of  NS45 specimen(Photo 2.4(e)) indicate that crack development 

did not coincide with the location of maximum deformation caused by local buckling but ex-

tended into the obtuse angle zone. This phenomenon suggests potential strain concentration 

in the obtuse angle zone, similar to the results shown in the element tests in section 2.3.3. 

Therefore, evaluation of the deformation at the beam end is necessary.  

Firstly, the deformation of the beam end was evaluated. Owing to cyclic loading, strain 

exhibited hysteretic behavior. The strain generated per cycle at the beam end was used to ob-

tain the strain range D [15], as defined in Fig. 2.19. The figure shows an example of the 

strain history at qb = 0.005 rad. to 0.025 rad. The vertical axis represents strains measured 

from the strain gauges, and the strain range is calculated from the first loading cycles with 

amplitudes of 0.005, 0.02, and 0.025 rad. to avoid yielding (which occurs at an amplitude 

within the range of 0.01–0.015 rad.) and local buckling (at an amplitude of 0.03 rad.). The 

colors distinguish the different amplitudes. The strain range was calculated as D = emax-emin.  

Fig. 2.20 shows the relationship between D and the position along the u- and t-section 

of the beam ends. Herein, when comparing the 0.005 rad. amplitude, all specimens exhibit 

the same strain range on the beam ends in elastic behavior. When the beam ends developed 

significant plastic deformation at the amplitudes of 0.02 and 0.025 rad, the D of Specimen S0 

was concentrated at the edge of the flange (Fig. 2.20(a)), demonstrating a typical strain distri-

bution from the beam to the SHS column connections as aforementioned [15]. Since NS15E 

and NS0 have the same beam end, the strain range of NS15E showed similar results with 

NS0, without indicating strain concentration (Fig. 2.20(b)). For S15 specimen, the strain of 

the acute angle zone along the t-section decreased at an amplitude of 0.025 rad (Fig. 2.20(c)), 

Fig. 2.19 Definition of strain range. 
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but the strain range D of the u-section was similar to that of S0 specimen. Therefore, in the 

beam-to-column connection with an oblique angle of less than 15°, no apparent difference in 

the D of S0 specimen was observed. As the oblique angle Q increased, compared with the D 

in the obtuse angle zone, the D of S30 and S45 specimens in the acute angle zone of the 

beam end decreased significantly at amplitudes of 0.02 and 0.025 rad. (Fig. 2.20(d)(e)). This 

implies that strain concentration occurred in the obtuse angle zone. Specifically, as shown in 

the t-section of S45 specimen (Fig. 2.20(e)), the value of D of the obtuse angle zone is ap-

proximately three times that of the acute angle zone, explaining the reason that the crack pro-

ceeds to the obtuse angle zone rather than the maximum deformation in the local buckling 

zone. In addition, for all specimens with oblique angles, particularly S45 specimen, in the 

acute angle zone of the beam end, the value of D of the u-section gradually exceeds that of 

the t-section as the beam rotation increases. Therefore, although the acute angle zone is sub-

jected to the largest beam moment at the beam end, the strain range indicates that it is ex-

tremely difficult for the acute angle zone to fracture. 

Furthermore, the location of the strain concentrations was consistent with the element 

test results. However, the fracture mode of the specimens differed from that in the element 

test. For S45 specimen, the crack originated at the center of the local buckling zone, in con-
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Fig. 2.20 Strain range of beam ends.  
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trast to the fracture mode of L45 specimen (element test), which developed at the obtuse an-

gle zone. Thus, local buckling caused the fracture mode of the beam-to-column connections 

to differ from that observed in the element test. In other words, in the case without local 

buckling, premature fracture might appear at the obtuse angle zone of the beam end. 

To further analyze the impact of horizontal oblique angle on the elasto-plastic defor-

mation of the beam end, the plastic field development during the yielding phase at the beam 

end will also be evaluated. Since NS15E and NS0 have the same shape at beam end , only 

NS0 specimen will be compared here. Fig. 2.21 shows the skeleton curves and yield 

Fig. 2.21 Effect of oblique angle on plastic field development.  
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strengths at each position of the u- and t-section at the beam ends. Red and black dotted lines 

represent the beam yield moment My and full plastic moment Mp of the beams, respectively. 

Because the shapes of the beam ends were irregular, the yield and full plastic moments of the 

beam ends differed in each section. Subsequently, My and Mp were calculated using three sec-

tions: the center of the beam (section t3), acute angle zone (section t5), and obtuse angle zone 

(section t1), as shown in Fig. 2.21(d). The plots of the skeleton curves are presented as M 

when the values of the corresponding strain gauges reach the yield strain obtained from the 

material test. The sequence of timing is summarized in the skeleton curves of each specimen. 

The results from the skeleton curves provide an overview of the development process of the 

plastic field at the beam ends represented in three phases: before My, between My and Mp, and 

after Mp. In the case of S0 specimen, the edges of the flange plasticized before My and gradu-

ally extended toward the center of the beam as M increased. The progression of plastic devel-

opment is consistent with the results obtained in the literature[15]. In contrast to that of S0 

specimen, the yielding of S15, S30, and S45 specimens first occurred in the obtuse angle 

zone and then in the acute angle zone.  

 

2.6 Conclusions 

These experiments investigated the effects of horizontal oblique angles on the elasto-

plastic behavior of SHS steel columns with H-beam-end connections under cyclic loading. 

The element test were conducted to predict the critical section of a beam flange at an horizon-

tal oblique angle. Following the results of the element test, a full-scale experiments of beam-

to-column connections were conducted to clarify the difference in behavior between the ele-

ment tests and the full-scale experiments. The seismic behavior of the beam-to-column con-

nections and the strain distribution at the beam ends were clarified.  

The primary conclusions are as follows: 

(1) In the element tests, the failure section calculated using the von Mises criterion was 

verified based on the results of the tensile tests. By analyzing the failure modes of all the 

specimens and the strain distribution in the irregular part near the weld, it was found that 

larger oblique angles caused strain concentration in the obtuse angle zones, causing the speci-

mens to premature fracture.  

(2) In the full-scale experiments, the specimens exhibited stable hysteresis behavior. 

Moreover, upon analyzing the skeleton curves of the beam rotation and timing of local buck-
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ling, the results indicated that oblique angles had small effect on the hysteretic behavior of 

beam-end connections. 

(3) Comparing the failure modes, timing of the fracture cycles, and local buckling posi-

tions, S0, S15, and S30 specimens  fractured at the maximum deformation of the local buck-

ling zone. The crack in S45 specimen started at the center of the local buckling zone and then 

extended to the obtuse angle zone. With increasing oblique angles, although the local buck-

ling position moved closer to the beam end, it did not affect the strength deterioration behav-

ior. In addition, comparing the timing of the fracture cycles, the fatigue life of connections 

with oblique angles was no worse than that of connections without oblique angles in the ex-

periments. 

(4) The strain range at the beam ends was analyzed. S15 specimen showed no apparent 

strain concentration, in contrast to S0, S30, and S45 specimens , which showed a significant 

tendency of strain concentration at the obtuse angle zone, similar to the results of the element 

test. For S45 specimen, the strain concentration led to a change in crack development. This 

fracture mode also proved that local buckling caused the fracture mode to differ from that 

observed in the element test. As a result, in the case without local buckling, premature frac-

ture might occur at the obtuse angle zone of the beam end. 

(5) Compared to the fabrication method of NS15E with an extended diaphragm, the 

seismic performance of the specimen is same as that of the specimen without an horizontal 

oblique angle. To avoid premature fracture caused by strain concentration in large horizontal 

oblique angle connections, it is recommended to use the extended diaphragm fabrication 

method for specimens with oblique angles above 15 degrees.  
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CHAPTER  3 

Cyclic loading test of beam-end connections with 

vertical oblique angle 

3.1 Introduction 

As an earthquake-prone country, Japan has widely adopted steel frame structures. In 

steel frame structures, beam-to-column connections bear the highest bending moments, and 

under the strong column-weak beam design criterion, the beam ends frequently experience 

damage during earthquakes. The introduction in Chapter 1 describes various complex beam-

column connections, noting that different shapes of beam ends result in varying failure sec-

tions[1-4]. Some cases in practices, beams and columns must be connected at a vertical 

oblique angle. Unlike beams connected perpendicularly to columns, the seismic performance 

and failure sections of beam-to-column connections with oblique angle are not yet well under-

(a) Through diaphragm method.  (b) Connection with vertical oblique angle QV  
Fig.3.1 Different type of beam-to-column connections. 

Beam

Weld access hole

Diaphragm
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Column
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stood. Notably, such beam-to-column connections were already in use as early as 1994, as 

mentioned in Chapter 1. According to the "Standards Detail for Steel Frame Structures[5] and 

Design Guide of Steel Frame Structures Connections Details [6]" in Japan , beams with verti-

cal oblique angles are welded to columns by cutting the beam ends to fit oblique angle, result-

ing in asymmetrical beam-end shapes. 

In Chapter 2, studies on beam-to-column connections with horizontal oblique angles de-

termined the failure section based on the von Mises criterion. Experimental studies showed 

that horizontal oblique angles do not affect hysteretic behavior but do influence strain distribu-

tion at the beam end. For vertical oblique angles, the beam ends have similar shapes; however, 

the upper and lower flanges of the beam are unequal due to the asymmetry at the beam end. 

This asymmetry makes it challenging to determine the beam span. In addition the connection  

with vertical oblique angle between the beam and column affects the details of the beam-to-

column connection. For example, when beam flange welded to the diaphragm, the oblique an-

gle affect the welding details. Previous studies [7] have indicated that excessive bevel angles 

can reduce weld strength. Different fabrication methods for beam-to-column connections also 

create different problems. Beam-to-column connection with the weld access hole method, the 

oblique angle alters the shape of the weld access hole. In the non-weld access hole method, the 

angle creates a gap between beam web and diaphragm. The potential impact of these issue on 

the seismic behavior of beam ends remains unclear. Therefore, further experimental studies on 

beam ends are necessary to provide insight into their elastoplastic behavior and failure sec-

tions. 

To address the issues mentioned above, this chapter presents an analysis of beam-to-

column connections with vertical oblique angles using mechanism analysis and full-scale ex-

periments. Section 3.2 presents a mechanism analysis of the beam ends, explains the predic-

tion of the failure section, and defines the modified span of the beam by using theoretical ap-

proach. Section 3.3 describes the full-scale experiments conducted to determine the hysteretic 

curves, failure modes, plastic deformation capacity, and strain distribution. Section 3.4 dis-

cusses the experimental results. Finally, Section 3.5 presents the concluding remarks.  
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3.2 Mechanism analysis of connections with vertical oblique angle  

The mechanism of beam-to-column connections with vertical oblique angles differs 

from that of the conventional beam-to-column connections. To accurately determine the fail-

ure section of beam-to-column connections, it is necessary to conduct a mechanism analysis of 

each section of the connection. 

cos
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d V
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Ql
F Q

D

Q Q= +

(3.2) 

(3.1) 

(3.3) 

An analysis of the force transmission mechanisms at the beam end is illustrated in Fig. 

3.2. For a beam-to-column connection with a vertical oblique angle, two potential failure sec-

tions can be anticipated: (1) the section at the beam end, labeled section AB, and (2) the verti-

cal section of the beam end, labeled section AB'. To analyze the internal forces of the two sec-

tions, an xy-coordinate system was established and the beam end was segmented into three 

sections. First, an infinitesimal interval of the weld part between the column and beam was 

segmented for analysis, as shown in Fig. 3.2(a). In the column part, by assuming that the force 

exerted on the weld section of the web at the beam-to-column connection acts interactively 

along section AB and by considering the moment balance at points A and B, Eqs. (3.1) and 

(3.2) can be obtained as shown below. 

Fig.3.2 Mechanisms of force transmission at beam end.    

Here,  l represents the distance between the welding point of the beam’s upper flange 

and loading point (length of upper flange);  Db is the depth of the beam; Q denotes the shear 

force;  Fd and Fd’ are the internal forces in the upper and lower diaphragms, respectively. By 

establishing the external force balance equations in both the x and y directions simultaneously, 

the axial force of the column Fc can be determined as follows: 
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(3.4) 

(3.5) 

Subsequently, the beam was further segmented into microscopic sections AB and AB', 

as shown in  Fig. 3.2(b). An internal force analysis was performed on section AB, and the mo-

ments at the points A and B were calculated. This allowed the determination of the internal 

forces at the upper flange Ff and lower flange Ff’, as shown in Eqs.(3.4) and (3.5). 

From the results of the internal forces Ff and Ff’, it is evident that the internal forces in 

the upper and lower flanges are unequal. The internal force in the upper flange is greater than 

that in the lower flange, which creates an opposite fictitious axial force in the web, expressed 

in the x direction. This allows the direction of the shear force Q to be altered to align with the 

section AB. At the same time, in the section AB', considering the moment at point B', the mo-

ment generated by the internal force in the upper flange is deduced to be greater than the ex-

ternal moment. Consequently, the resultant force in the y direction of the web requires an op-

posing force to produce a moment satisfying the equilibrium condition. Let this force be de-

noted as NW and its distance from the midline of the beam is hn. If the internal force at the low-

er flange is Ff-B’ , then by considering the moment at point C, Eq. (3.6) can be obtained as 

(3.6) 
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Considering the internal force balance in the x direction, as indicated in Eq. (3.7), Ff-B’ can be 

expressed as shown in Eq. (3.8). 

Based on the boundary conditions of , it can be deduced that                <0; hence,  Ff-B’ is 

less than Ff’. Thus, the failure mechanism at the connection can be estimated as follows: the 

beam failure is initiated at the upper flange at point A, followed by failure at point B at the 

lower flange, and finally at point B'. Therefore, it can be concluded that the failure section of 

the beam is section AB. When defining the span of the beam, the midline length L, as ex-

pressed in Eq. (3.9), should be used. 
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3.3  Test program of beam-to-column connections 

Full-scale tests of beam-to-column connections with vertical oblique angle were con-

ducted, including verification of the results based on the Mechanism analysis in Section 3.2.  

 
3.3.1 Test specimens 

Fig. 3.3 shows an outline of a specimen with a vertical oblique angle, composed of a 

built-up H-section beam and a cold-rolled square hollow section (SHS) column. The columns 

were made of BCR295 steel (minimum nominal yield strength of 295 N/mm2 and tensile 

strength of over 400 N/mm2) and had dimensions of 350 × 350 × 16 (depth ×width × plate 

thickness). The beams were made of SN400B steel (minimum nominal yield strength of 235 

N/mm2 and nominal tensile strength of over 400 N/mm2) and had dimensions of BH-

500×200×9×19 (depth × flange width × web thickness × flange thickness). The beam flange 

width-thickness ratio of the flange was 5.3, which satisfied the requirement for preventing lo-

cal buckling [8]. The beams and columns were connected using through diaphragm method. 

To maintain the elasticity of the diaphragm, it was made of SN490C steel (minimum nominal 

yield strength of 325 N/mm2 and nominal tensile strength of over 490 N/mm2) and had a 

thickness of 28 mm. In accordance with the AIJ Recommendation for Design of Connections 

in Steel Structures [8], the diaphragms were extended up to 25 mm from the column face 

welded to the beam flange, a full-penetration weld was utilized at the connection between the 

diaphragms and beam flanges. For the connection between beam web and column, a fillet 

weld was used. 

Fig. 3.3 Specimen with vertical oblique angle QV.  

QV =0°, 15°, 30°

□-350x350x16
（BCR295）

BH-500x200x9x19
（SN400B）

PL28
(SN490C)

SHS column

L

Q



 

— 3 —  6  — 

Chapter 3 Cyclic loading test of beam-end connections with vertical oblique angle  

Table 3.1 Parameters of beam-to-column connections.   

Fig.3.4 Details of beam-to-column connections.  

Six specimens were prepared to investigate the effect of vertical oblique angles on the 

seismic behavior of the connections. The main parameter for the analysis was the vertical 

oblique angle. Specimens without oblique angles were also prepared. Additionally, owing to 

the variation in the vertical oblique angles, the specifications of the beam-to-column connec-

tions at the beam ends varied, which affected the strain distribution of the beam-to-column 

connections [9]. Furthermore, the effects of weld access holes were investigated. The six 

specimens included three specimens with (V series) and three without (VN series) weld ac-

cess holes, with each series having vertical oblique angles of 0°, 15°, and 30°. Table 3.1 pre-

sents the parameters of each specimen. The lengths of the upper and lower flanges varied de-

pending on the oblique angle, and the length of the span  was approximately 3000 mm for all 

specimens. The weld details of the connections are shown in Fig. 3.4. To ensure appropriate 

specifications and quality of the connections, they were designed by a qualified fabricator in 

Japan and satisfied the specifications for the design of connections mentioned in Standard 

detail of steel structural Frame of Japan [5-6]. For standard specimens (V0, VN0), the groove 

angle of the beam flange was 35°. However, in V30 and VN30, the groove angle would re-

sult in an excessively large angle at the bevel angle, which can decrease the weld strength 

[7]. Therefore, an inner bevel angle was used to address this issue. Moreover, for the VNS30 

specimens, gaps inevitably occurred at the ends of the beam web, which were treated with 

filled welding, as shown in Fig. 3.4(f). To confirm the strength of materials, all components 

were tested according to the JIS Z2241 standard [10], and the results are listed in Table 3.2. 

Filled 
welding

Backing 
plate

PL 9x25

Backing 
plate

PL 9x25

Oblique angle q 0° 15° 30°

No. V0 VN0 V15 VN15 V0 VN30

Weld access hole With Without With Without With Without

The detail of 
connections 

Span L [mm] 3025 3005 3024

Backing plate
PL 9x25

PL25
(SN490C)
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R35

35°
25

R10

Backing plate
PL 9x25

35°

35R
R10

Backing plate
PL 9x25

35

R35

35°

R10

Backing plate
PL 9x25

R35

35°

R10

Backing plate
PL 9x25

35 R35

35°

R10

R35

35°

25

R10

Backing plate
PL 9x25

35°

Backing plate
PL 9x25

25

35°

Backing plate
PL 9x25

35°

Backing plate
PL 9x25

35°

Backing plate
PL 9x25

35°

Backing plate
PL 9x25

filled welding

35°

Backing plate
PL 9x25

25

(a) Specimen V0 (b) Specimen V15 (c) Specimen V30 

(d) Specimen VN0 (e) Specimen VN15 (f) Specimen VN30 

Table 3.2 Properties of materials  

Fig. 3.4 Details of the beam-to-column connections with vertical oblique angle.   

Steel type
Thickness

t [mm]
Yield strength 

sy [MPa]
Tensile strength

su [MPa]
Y.R. 
[%]

E.L.
[%]

Beam flange SN400B 19 309 443 70 28
Beam web SN400B 9 333 457 82 29

Column BCR295 16 366 474 77 40
Note: Y.R.: Yield ratio, E.L.: Elongation
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3.3.2 Measurement plan and setup 

The test setup is shown in Fig. 3.5, where the colored parts represent the specimen. 

Photo 3.1 depicts the test setup for specimen V30. Each specimen was shaped as a cross-

structure between a column and two beams on the left and right sides. Following the setup 

design method used in the setup of Chapter 2,the columns were appropriately set at an 

oblique angle inclined to the vertical axis to represent the vertical oblique angle of the beam, 

whereas the beams were set in the horizontal direction. For a given column, one side of the 

specimen was first tested and then the other side of the specimen was loaded.   

The ends of the column were fixed to the reaction frame using upper and lower fix-

tures. At the upper fixture, two hydraulic oil jacks were attached to the reaction frame to pro-

vide a restraining force in the vertical direction. The beams were extended to 3000 mm using 

a beam jig, and the end of the beam jig was connected to a hydraulic oil jack. A load cell was 

set on top of the hydraulic oil jack for measuring the shear force. In addition, lateral supports 

were installed at the middle of the beam span and near the hydraulic oil jack for preventing 

the out-of-plane deformations. The upper fixture was not directly attached to the reaction 

frame for specimens with vertical oblique angles. Hence, the horizontal gap between the up-

per fixture and reaction frame was filled using adjustable jigs and PC steel bars. 

q

Reaction Jacks

Specimen

Lateral support

Oil jack 

Adjustable jig

L

-

+

Beam jig

Load cell

Fixtures

A

A

(a) Front view  (b) A-A Cross-sectional view  

Fig. 3.5 Details of the beam-to-column connections with vertical oblique angle.   
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Photo 3.1. Photo of the test setup (V30).  

The measurement plan is illustrated in Fig. 3.6. The red circles in the figure indicate the 

target positions of the displacement transducers. The targets were attached to the sides of the 

diaphragms to measure the absolute displacements x1-x8, y1-y8 in the horizontal and vertical 

directions, respectively. Displacement D was the absolute displacement measured from the 

center of the beam depth, which was provided by the hydraulic oil jack. The beam rotation 

angle  was calculated using.  

Lateral 
support

Oil jack

Adjustable jig

Specimen
Beam jig

where Db represents the beam depth and tf represents the beam flange thickness. The 

vertical shear force Q was measured using a load cell set on the hydraulic oil jack. The beam 

rotation angle was used as a control value for the loading. The downward direction was de-

fined as the positive loading direction for both the beam rotation and shear force.  

The arrangement of the strain gauges were used to investigate the strain distributions 

at the beam ends is presented in Fig. 3.6(c). In this figure, the positions of the strain gauges 

on the beam flanges are represented by black triangles, and those on the beam web are rep-

resented by black rectangles. The strain gauges were arranged along (1) the oblique section 

parallel to section (AB), which was offset 30 mm from the column face, and (2) the vertical 

section (AB'), which is perpendicular to the beam flanges and passes through a point 70 mm 

3 4 7 8

3 4 7 8

3 4 7 8
24

2

( )sin
tan

( )cos

y y y y x x x x
b f V

b Vy y y y
b f V

D t

L D t

QDq Q
Q

+ + + - + -

- + -

+ --
= + -

- - (3.10) 
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Fig. 3.6 Measurement (Length unit: mm).  

from the edge of the upper diaphragm. Strain gauges marked in red were attached only to 

the series of NS specimens because of the lost section of the beam web in the case of speci-

mens with a weld access hole. 

3.3.3 Loading protocol 

The loading protocol is shown in Fig. 3.7, which is the same as that used in Chapter 2. 

Based on calculations using the material properties of the specimens, the full plastic rotation 

angle of the beam, denoted as pqb, was 0.0057 rad. The first loading level was maintained in 

the elastic range to confirm the elastic behavior. The amplitude of each loading level was set 

to 0.005 (elastic), 0.01, 0.015, 0.02, 0.025, and 0.03 rad. Each level was repeated for two cy-

cles. The stroke of the hydraulic oil jack reached its limit when the loading amplitude 

reached 0.03 rad, and therefore, the specimens were subjected to a constant-amplitude (0.03 

rad) cyclic loading until a fracture occurred in the connections or the peak strength of each 

x1(x5)

y1(y5)

y3(y7)

x2(x6)

y2(y6)

x3(x7)

x4(x8)

y4(y8)

(  ) : The target deformation at the back

Db

dc

Drift D

θb

Target point

(a) Rotations of each component (b) Displacement of panel 

(c) Arrangement of Strain gauges 

70

8＠50

4＠40
70

70

30
Strain gauges

Strain gauges

B'

A

B B'

A
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cycle decreased by more than 20% of the maximum strength measured in the test.  

 

3.4  Experimental results and discussion 

The hysteretic curves, elastic stiffnesses, ultimate strengths, and failure modes were 

evaluated in the experiments. The experimental results are discussed below. 

 

3.4.1 Hysteretic behavior and damage to specimens  

The hysteretic curves obtained from these experiments are shown in Fig. 3.8. The verti-

cal axis represents the beam-end moment M given by M=Q·L, and the horizontal axis repre-

sents the beam rotation angle. The red line in the figure represents the full plastic moment Mp 

and calculated stiffness Kcal of the beam, which was calculated based on the material test re-

sults. With increasing-amplitude loading, all specimens exhibited stable hysteresis behaviors 

regardless of the presence of a vertical oblique angle. From the results of the hysteretic 

curves, a slight difference can be observed between the maximum strength in positive and 

negative loading directions, which may be attributed to experimental errors caused by slight 

deformations in the fixed boundary conditions of fixture jigs. Furthermore, all specimens 

were in an elastic state when the beam rotation angle was less than 0.01 rad, and the experi-

mental stiffness showed good agreement with the calculated stiffness. During constant-

amplitude loading, local buckling was observed at the beam-end flange of the VN0, VN15, 

and VN30 specimens in the second cycle of 0.03 rad positive loading side. Following repeat-

ed cyclic loading, the beam-end moment gradually decreased because of the growth of local 

buckling at the beam flange. However, only V15 exhibited local buckling at the upper flange 

of the beam among the V series specimens, whereas the other specimens did not experience 

local buckling prior to failure. 

Table.2.3 Material properties of the full-scale experiment.  

3%

0

0.01

0.02

0.03

-0.01

-0.02

-0.03

θb [rad.]

0.5% 1%

1.5% 2%

2.5%

Increasing amplitude

Constant loading until fracture

Fig. 3.7 Loading protocol. 
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The hysteretic curves of panel zones are shown in Fig. 3.9. The horizontal axis repre-

sents the shear deformation of the panel zone, which was calculated using triaxial strain 

gauges attached to the center of the panel. The black, yellow, and blue graphs represent spec-

imens with vertical oblique angles of 0, 15, and 30°, respectively. The red line represents the 

shear stiffness of the panel zone, obtained from the triaxial strain gauges. For comparison, 

the results of the VN0 and V0 specimens are shown in gray along with the other results. The 

Fig. 3.8 Hysteretic curves of the beam component. 
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(c) Specimen V15 

(e) Specimen V30 

(b) Specimen VN0 

(d) Specimen VN15 

(f) Specimen VN30 



 

— 3 —  13  — 

Chapter 3 Cyclic loading test of beam-end connections with vertical oblique angle  

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-0.005 0 0.005

Beam end moment M [kN·m]

qp [rad.]

kp0 kp0

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-0.005 0 0.005

Beam end moment M [kN·m]

qp [rad.]

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-0.005 0 0.005

1.05kp0

Beam end moment M [kN·m]

qp [rad.]

VN0

VN15

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-0.005 0 0.005

1.15kp0

Beam end moment M [kN·m]

qp [rad.]

VN0

VN30

Beam end moment M [kN·m]

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-0.005 0 0.005

qp [rad.]

1.01kp0

V0

V15

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-0.005 0 0.005

Beam end moment M [kN·m]

qp [rad.]

1.13kp0

V0

V30

hysteresis curves of the panels show that panel zones of all specimens exhibited elastic be-

havior. The deformations generated by the panels account for a small portion of the overall 

deformation. A comparison of the shear stiffnesses of the panels without a vertical oblique 

angle (kp0) and those with an oblique angle showed that the former had a lower shear stiff-

ness. From the mechanism analysis in Chapter 3.2, under the same loading shear force, the 

shear force on the panel zone of the specimen with a vertical oblique angle is smaller than 

Fig. 3.9 Hysteretic curves of panel zones. 

(a) Specimen V0 

(c) Specimen V15 

(e) Specimen V30 

(b) Specimen VN0 

(d) Specimen VN15 

(f) Specimen VN30 
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Table 3.3 Summary of experimental results.   

Specimen
Oblique angle
QV [degree]

Stiffness exp.
Kexp [kN/mm]

Stiffness cal.
Kcal [kN/mm]

Kexp / Kcal

Ult. Str. of 
positive

pMu [kN·m]

Ult. Str. of 
negative

nMu [kN·m]

Stop loading 
cycle

Cyc [No.]

V0 0° 9.91 10.46 0.95 893.0 −946.0 0.03(11+)

V15 15° 10.07 10.64 0.95 856.7 −953.2 0.03(11+)

V30 30° 10.9 10.53 1.04 825.2 −958.1 0.03(5+)

VN0 0° 9.78 10.46 0.93 885.3 −957.8 0.03(28+)

VN15 15° 9.56 10.64 0.90 851.0 −963.3 0.03(19+)

VN30 30° 10.3 10.53 0.98 861.3 −982.7 0.03(20+)

*0.03(2-): The second cycle of 0.03 rad amplitude at the negative loading side.

that of the specimen without a vertical oblique angle, as given in Eqs. (1) and (2). Under the 

same loading conditions, the shear force of the panel zone decreased, which led to an in-

creased stiffness. 

 
3.4.2 Comparison of fracture modes and plastic deformation capacity 

The stiffness, ultimate strength, and timing of the stop loading cycles are listed in Table 

3.3. In the table, the experimental stiffness Kexp and calculated stiffness Kcal have similar re-

sults. The vertical oblique angle did not affect the connection stiffness, and the ultimate 

strengths on the positive loading side pMu and negative loading side nMu of each specimen 

were evaluated. The ultimate strength on the positive loading side was smaller than that on 

the negative loading side because of the fixation condition at the upper fixture of the test set-

up. Comparing pMu and nMu of the V and VN series revealed that, although there are minor 

differences between the ultimate strengths on the positive and negative loading sides, there 

was very little difference in the maximum strength of the beam-to-column connections, re-

gardless of the size of the vertical oblique angle. The deformation capacity based on the tim-

ing of the fracture cycle can be expressed as follows: For the timing of the stop loading cy-

cles of the VN and V specimens, the VN0 and VN15 specimens stopped loading when the 

strength decreased to 80% of the ultimate strength, while the VN30 and V specimens stopped 

loading when a fracture was clearly observed at the connection. 

The maximum and minimum moment of each loading cycle were compared to investi-

gate the deterioration in the beam strength of the specimens under constant-amplitude load-

ing. The results are presented separately for the V and VN series in Fig. 3.10, where white, 

yellow, and blue represent specimens with vertical oblique angles of 0, 15, and 30°, respec-

tively. The plastic deformation capacity of V series specimens was lower than that of the VN 
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Local buckling observedM [kN·m]

-1000

-500

0

500

1000

0 5 10 15 20 25

Constant amplitude loading

Cyc. [No.]

V0
V15
V30

(a) V series
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Local buckling observedM [kN·m]

Cyc. [No.]

VN0
VN15
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VN30 Fracture

0.8Mu

0.8Mu

(b) VN series
Fig. 3.10 Comparison of strength deterioration. 

series specimens. For both V and VN series, specimens with large vertical oblique angles 

demonstrated poor plastic deformation capacity. However, the vertical oblique angle only 

makes a small contribution to the deterioration of the connection strength under cyclic load-

ing.  

Photographs of the damage are shown in Photo. 3.3 In the V0 and V30 specimens, 

cracks originated at the bottom of the weld access holes of the upper flange of the beam at 

the first loading cycle of 0.02 rad amplitude. Cracks penetrated from the toe of the weld ac-

cess holes progressed with cyclic loading, eventually leading to the complete fracture of the 

upper flange of the beam. In the V15 specimen, a similar crack appeared at the bottom of the 

weld access hole. However, in the first loading cycle of 0.03rad amplitude, local buckling 

occurred at the upper flange of the beam end, resulting in a slow process of the crack propa-

gation. Although the V15 specimen eventually failed because of the fracture at the edge of 

weld between the upper flange of the beam and the diaphragm in the 11th cycle of constant 
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(a)V0 (b)VN0

(c)V15 (d)VN15

(e)V30 (f)VN30

FractureLocal buckling

amplitude loading. In specimens without a weld access hole (VN0, VN15), cracks first ap-

peared at the edge of the weld at a beam upper flange, and then, local buckling occurred near 

the beam end. The local buckling severely progressed faster than crack propagation, and the 

fracture did not occur at the beam ends. VN30 developed similar local buckling at the beam 

end; however, the growth of the crack at the edge of the weld at the beam upper flange led to 

a fracture of the connections. The results indicated that fractures occurred at the upper flange 

of the beam in specimens with vertical oblique angles, despite the bending moment in the 

lower flange of the beam being larger than that in the upper flange. This phenomenon is con-

sistent with the analysis of the mechanism described in Chapter 3.2. 

Photo. 3.2 Damage of specimens. 

3.4.3 Comparison of skeleton curves 

Skeleton curves extracted from the hysteretic curves were used to compare the plastic 

deformation capacity of the specimens. A basic skeleton curve is shown in Fig.3.11 (a). The 

skeleton curves of the VN and V series specimens are depicted in Fig.3.11 (b) and (c), re-

spectively. In this figure, the vertical axis is the beam moment M and the horizontal axis is 

the beam rotation angle in the skeleton curve. The skeleton curves of the VN and V series 

specimens were almost the same in terms of the elastic and plastic behaviors. Therefore, the 

vertical oblique angle has little effect on the hysteretic behavior of the beam-end connections. 
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In Chapter 3.2, the mechanism analysis explained differences in the forces experienced 

by the upper and lower flanges of the beam. From the hysteretic behavior, it can be easily 

deduced that the upper flange develops plastic deformation earlier because the force in the 

upper flange of the beam is greater than that in the lower flange. Therefore, the point at 

which the beam stiffness decreased by 10% was defined as the first yielding moment My[11], 

as shown in Fig. 3.12.The intersection point between the extension lines of the initial and 

subsequent stiffness, which is a line connected between the point of the maximum beam rota-

tion angle and half of that point, was determined as the full plastic moment Mp. The bending 

moment of the beam was provided by both flanges, and the moment generated by the beam 

web was neglected. Using Eq. (3.4), the yield moment of the upper flange of the beam can be 

calculated as  

 

 

where sy and Af represent the yield stress of the beam flange and area of the upper flange of 

the beam, respectively. The results of the calculations based on Eq. (3.11) and the experi-

mental yielding moments determined using the definition shown in Fig. 3.12 are summarized 

in Table 3.4 and Fig 3.13. The results show that the yield moment of the beam’s upper flange 

decreases with an increase in the vertical oblique angle. The ratio of the experimental result 

expMy to the calculated result calMy was close to 1.0, which indicates that the proposed theory 

can effectively evaluate the reduction in the first yielding moment. Conversely, the vertical 

oblique angle does not affect the full plastic moment. The calculated result of the full plastic 

moment calMp and its experimental result expMp do not change significantly in accordance 

with the vertical oblique angle. 

Fig. 3.11 Comparison of skeleton curves. 
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Fig. 3.12 Definition of the yielding moment.  

M

k

First yielding My

Full plastic Mp

0.9k

Sq

Specimen calMp

[kN·m]
expMp

[kN·m]
calMy

[kN·m]
expMy

[kN·m] calMy /expMy calMp /expMp

V0

676

737 549 0.95 1.01 0.92

V15 720 537 0.95 1.01 0.94

V30 718 524 1.04 1.03 0.94

VN0 718 549 0.93 0.98 0.94

VN15 730 537 0.90 0.99 0.93

VN30 725 524 0.98 0.99 0.93

Table 3.4 Summary of yielding moments.  
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Fig. 3.13 Comparison of the yielding and full plastic moment.  

3.4.4 Damage of beam flange 

According to the experimental results, V0, V15, V30 and VN30 specimens failed at the 

end of the upper flange of the beam. To confirm the damage to the beam end, the defor-

mations of the beam flange and web were evaluated in this and next chapter. Owing to cyclic 

loading, strain was generated per cycle, which was analyzed based on the strain range [12]. 

 First, the damage to the beam flanges was evaluated. Fig. 3.14 presents a comparison 
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of the average strain ranges at points A, B, and B' of each specimen. In this figure, the verti-

cal axis represents the average of the strain range De  and horizontal axis represents the beam 

rotation angle qb. The average of the strain range De per cycle was determined as the differ-

ence of mean of all strain data measured at the peak deformation point in the positive and 

negative loading sides by the five strain gauges affixed to the beam flange section (Fig. 3.6). 

The strain ranges at point A on the upper beam end and points B and B' on the lower beam 

end are denoted as AeQV  and BeQV and B'eQV, respectively. In addition, the lines of different 

shapes represent specimens with different vertical oblique angles, whereas the different col-
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Fig. 3.14 Effect of the vertical oblique angle on the average strain range at beam flanges.  
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ors of the square markers denote the strain ranges at different points on the upper and lower 

beam ends. Comparing the results of the solid (QV =15°) and dashed (QV =30°) lines of V 

and VN series of specimens indicates that the difference between points A (AeQV) and B (AeQ

V) becomes more pronounced with an increase in the vertical oblique angle, which is indicat-

ed by the vertical black arrow, especially evident in the results of the VN specimens (Fig. 

3.14(c)). Furthermore, the results of the strain range at the three sections (AeQV, BeQV, B'eQV) 

indicate that the deformation at the upper flange (AeQV) of the beam of all specimens (black 

lines) are greater than those in each section of the lower flange (BeQV, B'eQV) (colored line). 

This result is consistent with the fracture photographs (Photo. 3.2). In addition, comparing 

the strain ranges at points B and B' on the lower flange of the beam show that the strain range 

at point B is slightly larger than that at point B' in the VN series of specimens; however, the 

difference is not significant (see Fig. 3.14(c), (d)). However, for the V series specimens, this 

difference was very apparent and increased with the vertical oblique angle (Fig. 3.14(a), (b)), 

which means that the weld access hole causes the strain concentration of the lower flange at 

the beam end.  

 
3.4.5 Damage of beam web 

Similar to the beam flanges, the damage to the beam web was analyzed using the strain 

range. However, this analysis focused on the distribution of the deformation in sections AB 

and AB' because of the change in the shape of the beam web. Owing to local buckling, only 

the behavior obtained in the increasing-amplitude loading section is discussed. Fig. 3.15 and 

Fig. 3.16 shows the strain distribution with the 15 and 30° specimens in the first cycle of pos-

itive loading from 0.005–0.025 rad amplitudes in sections AB and AB'. Strain distributions at 

15 and 30° were similar despite the size of the vertical oblique angle. The vertical axis repre-

sents the depth of the beam and the horizontal axis represents the strain range of the beam 

web. The red and blue squares indicate the strain distributions in sections AB and AB', re-

spectively. Compared to the results of the specimens without a vertical oblique angle, a clear 

variation in the strain distribution can be observed in the triangular part of the beam end, es-

pecially at section AB (Fig. 3.15(c), (f)), where the strain distribution shows asymmetric re-

sults. Almost all deformation was concentrated in the lower half of the beam web, with mini-

mal deformation in the upper half. In section AB', the deformation remained concentrated in 

the lower part (Fig. 3.15(b), (e)) in addition to a small increase in the neutral axis of the 
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beam. This result confirms the conclusion in Section 3.2 that the resultant force Nw of the 

beam web is in the lower part of section AB'. In the S and NS series of specimens, the defor-

mation was concentrated in section AB, especially near the weld access holes (Fig. 3.15(c),

(f)). Overall, the vertical oblique angle significantly affected the strain distribution at the 
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Fig. 3.15  Strain range at beam web with oblique angle of 15.  
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beam end. In the beam web, the vertical oblique angle caused the strain distribution at the 

beam end to be asymmetric rather than triangular as in the NS0 and S0 specimens. 

 

Fig. 3.15  Strain range at beam web with oblique angle of 30.  
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 3.5 Conclusions 

This study investigated the effects of vertical oblique angles on the seismic behavior of 

SHS steel column-to-H beam-end connections under cyclic loading and proposed a mecha-

nism analysis for beam-to-column connections. To clarify the critical section and results of 

the mechanism analysis, a full-scale experimental study of beam-to-column connections was 

conducted. The experimental results were analyzed from three aspects: hysteretic curves, 

failure modes, and strain and stress distribution, confirming the prediction from the mecha-

nism analysis.  

(1) In the mechanism analysis, a force model at the beam end was analyzed to calcu-

late the internal forces on the upper and lower flanges of the beam. The critical 

failure section from the end of the upper flange to end of the lower flange was 

identified based on this analysis. A method for confirming the beam span was also 

established.  

(2) In the full-scale experiment, all specimens exhibited stable hysteretic behavior. 

The analysis of the stiffness, ultimate strength, and skeleton curves indicated that 

vertical oblique angles had little effect on the cyclic hysteresis behavior (elastic 

stiffness and max strength) of beam-to-column connections.  

(3) Beam-end connections with vertical oblique angles begin to fail from the upper 

flange. By analyzing the fracture mode and number of cycles to failure, it is clear 

that when the vertical oblique angle increases, the plastic deformation capacity of 

the connections noticeably decreases. Additionally, connections with weld access 

holes exhibit lower plastic deformation capacity than those without weld access 

holes.  

(4) In beams with vertical oblique angles, the asymmetrical shape at the beam end re-

sulted in an asymmetric strain distribution between the upper and lower parts. The 

deformation at the beam end was primarily concentrated in the upper flange, fol-

lowed by that at the end of the lower flange. In the beam web, a greater amount of 

strain was concentrated in the lower half, causing the neutral axis at the beam end 

to incline toward the upper flange. This result is consistent with the findings of the 

mechanism analysis..  

(5) The vertical oblique angles of beam-to-column connections result in an internal 

force difference between the upper and lower flanges, with the upper flange experi-
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CHAPTER  4 

Finite element analysis of beam-end connection 

with horizontal or vertical oblique angle 

4.1 Introduction 

Steel structures, widely used in Japan, offer advantages such as high strength, excellent 

seismic performance and ease of construction. However, the inherent characteristics of steel, 

including geometric nonlinearity (large deformation effects) and material nonlinearity (such as 

yield and hardening behaviors), introduce challenges to accurate numerical analysis. Finite 

element  (FE) method, incorporating nonlinear solution techniques alongside constitutive and 

contact models, enables the precise simulation of these complex behaviors. This kind of analy-

sis results provides more reliable prediction of seismic response, support for design involving 

high-strength steel, large-span structures, and intricate connections. ABAQUS is a widely rec-

ognized tool for FE analysis, offering capabilities not only in static analysis but also in modal, 

buckling[1-2], and fatigue analyses[3]. Through FE analysis, detailed modeling can catch 

stress distribution[4], strain states[5], and internal force transfer mechanisms among compo-

nents, especially in high stress concentration areas such as beam-to-column connections[6] 

and welds[7]. FE analyses not only help reducing the costs of experiment but also facilitate 

design optimization. Recent advancements in computational power and algorithmic develop-

ments have significantly accelerated the use of FE analysis in steel structure simulation. New 

constitutive models[8-9] and new algorithms[10] have been led to more accurate results. How-

ever, despite the advantages of FE analysis, a number of practical challenges remain, including 

the accuracy of complex structures, saving computing resources, and validation of results with 

experimental data. 
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In the experimental studies presented in Chapters 2 and 3, it was observed that oblique 

angles introduce notable differences in stress and strain distribution at beam-ends. These 

change in strain and stress reduce the plastic deformation capacity of beam-to-column connec-

tions. However, there are gaps in the experimental data. Only certain angle effects have been 

captured. In order to fill these gaps and to more comprehensively evaluate the effects of 

oblique angle on stress and strain distributions, this chapter uses ABAQUS software to simu-

late beam-end connections with oblique angles. After verifying that the analysis accurately 

replicates experimental results, parameter such as oblique angle, beam section, beam span, and 

loading condition will be examined for their effect on the performance of the connection. 

4.2 FEA results of beam-end with vertical oblique angle 

In the previous analysis of the strain distribution in Sections 3.4.4 and 3.4.5, the internal 

force difference between the upper and lower flanges and the asymmetric strain results  of 

beam web were shown. Such findings imply a significant difference in the stress distribution 

in the beam-end connections with a vertical oblique angle. In this chapter, the FE analysis to 

determine the stress distribution at the beam-end is presented. Furthermore, the mechanism 

analysis model mentioned in Section 3.2 for predicting the strength of the upper and lower 

beam flanges will be compared to the analysis result. A parameter analysis on beam depth and 

span will be given to show the effect in the connection with vertical oblique angle. 

4.2.1 Model construction  

The FE models of the specimens were constructed using software Abaqus/CAE 2020. 

Since effectiveness of reduced integration method was presented [11-12], solid elements using 

a mixture of 8-node linear reduced integration was utilized for establishment of all models for 

the FE analysis. The FE model (S30) is shown in Fig. 4.1. Because the column and diaphragm 

remained in an elastic state during loading, only the beam part was modeled instead of the en-

tire column to simplify the analysis. The analytical models were segregated into series with 

and without weld access holes (S and NS series, respectively) to ensure consistency with the 

experimental conditions. Since both the element tests and full-scale experiments exhibited 

fractures away from the weld. In all the models, the backing plates of the weld at the beam-
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Fig.4.1 FE models of beam-end connection with vertical oblique angle (V30). 
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end were not constructed. A structural optimization method was adopted to represent the 

components as regular-shaped meshes. Total number of mesh used for each model is approx-

imately 26000, while that of areas near weld access holes were finely meshing to enhance the 

accuracy of the analysis. For the boundary condition, the face of the beam-end was complete-

ly fixed in x, y ,z direction whereas loading was applied at a point about 3000 mm away from 

the beam-end and rotation of the point in y and z directions was fixed to match the experi-

mental conditions (Fig. 4.1). A full Newton and geometric nonlinear were chosen for the iter-

ation’s algorithm of FE models. The loading protocol used in the analysis adopted the ap-

proach of increasing amplitude employed in the experiments. Because of the nonlinear nature 

of the materials, the analysis was based on the Von Mises criterion, and kinematic and iso-

tropic hardening properties were employed for the materials setting. The properties of materi-

als used in the analysis were based on the results of the nominal stress and strain relationship 

obtained from materials coupon test in Chapter 3.3.1, which were converted into true stress 

and true strain data.  

 

4.2.2 Comparison of experimental results 

Fig. 4.2 shows a comparison of the hysteretic curves between the FE analysis and ex-

perimental results. Although small discrepancies appeared in the Bauschinger part, the FE 

analytical results aligned well with the experimental results and exhibited stable hysteretic 

behavior. The maximum moment and elastic stiffness values obtained from the analysis are 

listed in Table 4.1. The vertical oblique angle had no influence on the maximum moment or 
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stiffness. For the maximum moments at the positive (pMu) and negative (nMu) loading sides, 

the ratio of the experimental to analytical results varied in the range of 0.92 to 1.10. There-

(a) Specimen V0 

(c) Specimen V15 

(e) Specimen V30 

(b) Specimen VN0 

(d) Specimen VN15 

(f) Specimen VN30 

Fig.4.2 Comparison of hysteretic curves obtained from FE analytical results.  
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Specimen
Stiffness KFEA

[kN/mm]
Kexp / KFEA

Ult. Str. of 
positive

pMu-F [kN·m]

Ult. Str. of 
negative

nMu-F [kN·m]
pMu / pMu-F nMu / nMu-F

V0 9.50 0.95 881.29 −886.62 1.01 1.07

V15 9.72 0.95 891.82 −895.44 0.96 1.06

V30 9.67 1.04 901.26 −902.72 0.92 1.06

VN0 9.50 0.93 879.16 −884.52 1.01 1.08

VN15 9.50 0.90 885.71 −889.15 0.96 1.08

VN30 9.50 0.98 893.06 −893.99 0.96 1.10

Table 4.1 Summary of FE analytical results  

(c) Specimen V30(b) Specimen V15(a) Specimen V0

(f) Specimen VN30(e) Specimen VN15(d) Specimen VN0
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fore, the FE analytical results clearly reflect the experimental outcomes.  

4.2.3 Analysis of stress distribution and internal force at beam-end  

The stress distribution of S33, obtained from the FE analysis, was compared with the 

strain distribution from the experiment. Fig. 4.3 shows the stress distribution at the peak of 

positive loading in the first cycle of 0.025 rad. The centroid line of the beam and maximum 

stress are also marked in the figure. The stress distributions of the specimens with vertical 

oblique angles appear to be asymmetric, unlike those of the VN0 and V0 specimens. For the 

specimens with vertical oblique angle, the area of compression in the lower half of the beam 

web is significantly larger than that in the upper half. It can also be observed that the tensile 

stress in the upper flange of the beam is greater than the compressive stress in the lower 

flange. In the stress distribution at the beam-end, the neutral axis gradually rises from the tri-

angular part of the beam-end. The greater the vertical oblique angle, the more the neutral axis 

rises. This result agrees with the experimental results, indicating that the analytical stress dis-

Fig.4.3 Stress distribution from FE analysis at 0.025 rad (z direction).  
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tribution generally reflects the state of the beam in the experiments.   

These results demonstrated that the FE analysis results can effectively reflect the stress 

state at the beam-end. Therefore, to analyze the internal forces at the critical section of the 

upper and lower flanges of the beam, the stress s33 of the flanges in the z direction was ex-

tracted. Then, the internal force Ffq at the upper and lower flanges for different vertical 

oblique angles  can be given as  

 

where s33 is the stress in the z direction for each element and iAf is the projected area of each 

element in the z direction. Fig. 4.4 shows the internal forces of the beam flanges, obtained 

from the FE analysis, versus the beam rotation. In the figure, the square markers represent 

the internal forces calculated at different positions on the upper and lower flanges of the 

Fig.4.4 Stress distribution from FE analysis at 0.025 rad (z direction).  
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beam. Owing to the occurrence of local buckling at the 0.03 rad cycle, the results are shown 

only until 0.025 rad. A comparison of the results also showed that the internal forces at the 

end of the upper flange were greater than those at the lower flange of the beam-end and those 

at point B'. At the same time, the difference in internal forces between the upper and lower 

flange of the V and VN specimens also changes considerably in plastic state. 

 

4.2.4 Effect of weld access hole 

Additionally, to better understand the variation in the internal forces in the upper and 

lower flanges at the failure section after plastic deformation, the changes in the internal force 

differences between the upper and lower flanges at each beam rotation angle are presented in 

Fig. 4.5. The dashed lines represent the calculation results of the difference between Eqs. 

(3.4) and (3.5) from Section 3.2 defined as DFf-cal , and black squares represent the difference 

in the internal force between the upper flange Ff and lower flange Ff′, obtained from the FE 

analysis. It can be observed that the calculated and FE analytical results align very well in the 

elastic state, indicating that the mechanism analysis can effectively predict the capacity of the 

upper and lower flanges of the beam. After the initiation of plastic deformation (0.01–0.025 

rad.), there was a significant variation in the difference in the internal force between the up-

per flange Ff and lower flange Ff′ for the V and VN specimens. In the V series, the internal 

force difference between the upper and lower flanges at the beam-end decreased significant-

ly, indicating that the stress at the lower flange of the beam-end rapidly increased with the 

progress of plasticity. However, this phenomenon was not observed in the VN series. This 

Fig.4.5 Difference between internal forces of beam flanges obtained from FE analysis and 

theoretical analysis.  
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suggests that the presence of weld access holes increases the internal force on the lower 

flange of the beam-end in elastoplastic behavior. These results are consistent with the experi-

mental results of the strain distribution at the beam-end described in Section 3.4.4.  

 

4.2.5 Parameter analysis  

The previous section shows the validity of the FE analysis results in internal forces as 

well as stress distributions. Therefore, in this chapter, based on the validity of the FE analy-

sis, a numerical analysis will be conducted to discuss the effect of vertical oblique angles on 

the structural behavior of the beam-end connections in various conditions. 

 

4.2.5.1 Effect of different loading method  

In practical case of beam-end connections with vertical oblique angle, cases involving 

beams with vertical oblique angles are more common than those involving column with  

oblique angles. For instance, beams in sloped roofs often exhibit vertical oblique angles, 

when beams are connected to column with vertical oblique angle, the shear force they experi-

ence is typically perpendicular to the beam, as shown in Fig. 4.6(b). Unlike the case of col-

umn with an oblique angle  (Fig.4.6(a)), this configuration also introduces a component force 

along the beam direction. In beam-end connections without oblique angles, previous studies 

[13] have clarified the effects of axial forces acting along the beam direction on maximum 

strength, local buckling, failure modes, and strain distribution. Therefore, to analyze the in-

fluence of axial force on beam-end connections with vertical oblique angle, this chapter sim-

ulates two loading modes to clarify the impact of axial force on long-term loads. 

Table 4.2 presents the numerical analysis specimens. The parameters for the FE analy-

Fig.4.6 Different loading directions in practice.  
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sis are the loading directions: one paralleled to the column and the other perpendicular to the 

beam. To understand the effects of long-term loads, monotonic loading was applied in the 

analysis. For the loading direction paralleled to the column, the load was applied by decom-

posing the force into two components: one parallel to the beam and the other is perpendicular 

to the beam, and both components were applied at same time. The oblique angle at the beam-

end was set to 30 degrees to emphasize its impact. The beam section and span were con-

sistent with the experimental conditions. Additionally, the material properties, model, and 

analysis conditions were consistent with those used in the previous section.  

The numerical analysis results are shown in Fig. 4.7. The gray line represents the re-

sults of VN30 specimen under cyclic loading, while the red solid line represents the analyti-

cal results of VN30-M specimen under the loading perpendicular to the beam. The red 

dashed line indicates the results of VN30-O specimen under the loading parallel to the col-

umn. The results match the yield strength and maximum strength observed under cyclic load-

ing, confirming the validity of monotonic loading for beam-end connections with vertical 

oblique angles. A comparison between VN30-M and VN30-O reveals that under different 

loading directions, the presence of axial force causes a slight reduction in the maximum 

Loading directionLoading  methodSpan LSectionQVSpec.

Perpendicular to 
beam

Cycle loading

3000
BH

500x200x9x19

30VN30

Monotonic loading
30VN30-M

Parallel to column30VN30-O

Table 4.2 Analysis list of loading method 

-1000

-500

0

500

1000

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

VN30-M

VN30-O

VN30

Beam moment M [kN·m]

qb [rad.]

Fig.4.7 Loading behavior of numerical analysis.  
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strength.  

To further analyze the impact of axial force, the internal forces at the upper and lower 

flanges at the beam-end were extracted using the method described in Eq.(4.1). The compari-

son results are shown in Fig. 4.8(a), where the vertical axis represents internal force of flange 

and the horizontal axis represents beam rotation angle qb. Solid lines represent the  results for 

VN30-M, while dashed lines indicate VN30-O results. The black line represents the internal 

force in the upper flange, and the red line represents the internal force in the lower flange. 

The results clearly show that the internal force difference between the upper and lower flang-

es decreases significantly in VN30-O compared to VN30-M. The reduction in the internal 

force difference is attributed to the axial force generated during loading, as illustrated in the 

mechanical analysis in Fig. 4.8(b). Assuming the axial force allocation of the web is negligi-

ble, the upper and lower flanges would each bear half of the axial force,  

 

where Q is the shear force applied to the beam. This axial force opposes the internal force in 

the upper flange while reinforcing the internal force in the lower flange, thereby reducing the 

difference between the internal forces. To demonstrate the relationship between axial force 

and the internal force difference, the differences of internal force for VN30-O and VN30-M 

were summarized in Fig. 4.9. The vertical axis represents the internal force difference DF. 

The black solid line represents the internal force difference DFVN30-M, while the dashed line 

represents the internal force difference DFVN30-O. The difference  between DFVN30-O and DFVN30

-M, calculated from DFM-O =DFVN30-M - DFVN30-O, is represented by the red line in the figure. 

(4.2) tan
2A V

Q
F Q= ×

A

B

Ff'

Ff

Axial force

Q tanQV

QLoading

Fig.4.8 Loading behavior of numerical analysis.  

(a) Internal force of flange (b) Mechanical analysis of beam-end 
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The calculated value DFcal, given by DFcal= QtanQV , is represented by the red dotted line. 

From the internal force difference DFVN30-O and DFVN30-M, it is evident that significant fluctua-

tions occur as the beam flange enter plastic state. This occurs due to the unequal internal 

forces in the upper and lower flanges. The upper flange yielding earlier than the lower flange. 

Furthermore, comparing the calculated values DFcal and the simulation results DFM-O, the val-

ue of DFM-O is approximately half of DFcal, indicating that the beam web absorbs nearly half 

of the axial force component. As a result, it can be concluded that under the loading mode 

parallel to the column, the axial force component mitigates the phenomenon of internal force 

concentration in the upper flange. However, since the axial force component is shared ap-

proximately equally between the flange and the web, the internal force difference between 

the upper and lower flanges cannot be entirely eliminated.  

0

50

100

150

200

250

300

0 0.01 0.02 0.03 0.04

DFVN30-M DFVN30-O

qb [rad.]

DF [kN]

DFM-O

DFcal

DFM-O

Fig.4.9 Comparison of the internal force difference between different loading direction.  

4.2.5.2 Effect of different vertical oblique angle  

For the experiments conducted in Chapter 3, it was confirmed that the internal force 

difference between the upper and lower flanges gradually increases with the vertical oblique 

angle. However, only the specimens with 15° and 30° vertical oblique angles were loaded. 

To comprehensively understand the effect of various oblique angles on the beam-end connec-

tions, numerical analysis with oblique angle as the parameter was conducted.  

The detailed parameters of the specimens are summarized in Table 4.3. The vertical 

oblique angle of connection ranged from 0° to 30°, divided at intervals of 5°, resulting in a 

total of seven specimens being analyzed. In Chapter 3, it was observed that weld access holes 

in beam-end connections could affect the internal forces in the upper and lower flanges dur-
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Table 4.3 Numerical analysis list of connections with vertical oblique angle 

Spec. QV Section Span L Loading  
method 

Loading direction 

VN0 0 

BH 
500x200x9x19 

3000 Cycle 
loading 

Perpendicular to 
beam 

VN5 5 

VN10 10 

VN15 15 

VN20 20 

VN25 25 

VN30 30 

ing plastic deformation. Therefore, all specimens in this analysis used the beam-end connec-

tions without weld access holes. In addition, aside from the vertical oblique angles, the mate-

rial properties, boundary conditions, and other relevant settings of the models were consistent 

with those described in Seciton 4.2. 

The hysteretic curves obtained from the FE analysis are shown in Fig. 4.10, where the 

red line represents the FE analysis results and the black line corresponds to the experimental 

results for specimen VN15. It can be observed that the analytical results closely match the 

experimental results. To continuously compare the effect of different vertical oblique angles 

on the internal forces at the beam flange, the internal forces at the AB and AB’ sections of 

the flange were extracted using the method described in Eq. (4.2). The internal forces ob-

tained from the FE analysis for the AB and AB’ sections are summarized in Fig. 4.11. 

The internal force of beam flange in Fig.4.11(a) are extracted from the elastic state 

(θb=0.005 rad.), while those in Fig. 4.11(b) are extracted from plastic state (θb=0.025 rad.). 

To validate the effectiveness of the mechanisms of force transmission introduced in section 

3.1 ,the calculations of internal force in beam flange using Eqs. (3.4) and (3.5) are also in-

cluded in the figures. The vertical axis in the figures represents the ratio of the flange internal 

force at each oblique angle (FQv) to the force without an oblique angle (F0) allowing for com-

parison of the trends in the internal forces. The horizontal axis indicates the oblique angle of 

the specimens. A comparison of the internal forces at AB and AB’ sections shows that re-

gardless of the oblique angle, the internal force at the upper flange is the largest, followed by 
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the force at Point B, with the smallest force at Point B’. This result aligns with the experi-

mental result. A comparison of the internal forces in the upper and lower flanges at different 

oblique angles reveals a linear relationship: the internal force in the upper flange increases, 

while that in the lower flange decreases as the oblique angle increases. This trend closely 

matches the calculated values Ff-cal and Ff-cal’. Furthermore, a comparison of the elastic state 

(Fig.4.11(a)) and plastic state (Fig.4.11(b)) shows that the internal force difference between 

the upper and lower flanges decreases after the beam-end enters the plastic state. 
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Fig.4.10 Hysteretic curves of  FE analysis. 

(a) Specimen VN5 

(c) Specimen VN20 

(b) Specimen VN10 

(d) Specimen VN25 
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(a) Internal force of flange at θb=0.005rad. (b) Internal force of flange at θb=0.025rad. 

Fig.4.11 Internal force of the beam-end flange at section AB and AB’. 

4.2.5.3 Effect od different span and beam depth  

In the mechanism analysis presented in Section 3.1, the internal forces of the upper and 

lower flanges were calculated using Eq. (3.4) and (3.5). These equations include the beam 

span and depth, indicating that both parameters influence the distribution of internal forces in 

the beam flanges. To confirm the effects of beam span and depth, a numerical analysis was 

conducted with span and depth as parameters.  

All specimens used in the analysis of this chapter are summarized in Table 4.4. The 

parameters of the specimens are beam depth and span. The beam sections of the specimens  

are RH400×200×8×13 (D4 series) and RH300×200×8×12 (D3 series), both of which are 

commonly used in Japan. The beam spans of the specimens were set as 4m (L4 series) and 

2m (L2 series) to represent long and short spans, respectively. In the previous chapter, it was 

demonstrated that the internal force of the beam flange changes linearly with the oblique an-

gle. Therefore, under each parameter for beam section and span, only the oblique angles of 

0°, 15°, and 30° were considered to investigate the impact of beam section and span on the 

internal force of the beam-end. Additionally, during the model generation process, the same 

approach as described in Fig. 4.1 was adopted. When the beam section changed, the size of 

each mesh was appropriately increased or decreased to maintain consistency in the number of 

elements at the beam-end.  

The results of the FE analysis were evaluated separately for the elastic and plastic 
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Table 4.4 Numerical analysis list of connections with different beam section and span. 

Spec. QV Section Span L Loading  method Loading direction 

VN0-L4 0 

BH 

500x200x9x19 

 

4000 

Cycle loading 
Perpendicular to 

beam 

VN15-L4 15 

VN30-L4 30 

VN0-L2 0 

2000 VN15-L2 15 

VN30-L2 30 

VN0-D4 0 
RH 

400x200x8x13 

3000 

 

VN15-D4 15 

VN30-D4 30 

VN0-D3 0 
RH 

300x200x8x12 
VN15-D3 15 

VN30-D3 30 

states. Firstly, the internal forces of the upper and lower flanges, Ff and Ff’, extracted from 

the elastic state (θb=0.005 rad.) were summarized in Fig. 4.12. The FE analysis results for 

beam depth and span are shown in Fig. 4.12(a) and (b), and Fig. 4.12(c) and (d), respectively.  

The vertical axis represents the ratio Ff /F0 or Ff’/F0, while the horizontal axis represents 

beam depth in Fig. 4.12(a), (b) and beam span in Fig. 4.12(c), (d). The squares markers in the 

figure illustrate the internal forces of flange, while the gray line denotes the calculated values 

of Ff /F0 and Ff’ /F0 derived using Eq. 4.3 which was derived from Eq.(3.4)~(3.5) 

 

Comparing Fig. 4.12(a), (b), it can be observed that for the same oblique angle, as the 

beam depth increases, the internal force in the upper flange increases, while the internal force 

in the lower flange decreases. Comparing FE results with the calculated values, the trends in 

internal force changes are captured, though the calculated value is slightly underestimated. In 

contrast, the results in Fig. 4.12(c), (d) indicate that increasing the beam span causes a de-

crease in the internal force of the upper flange and an increase in the internal force of the 

lower flange. The results of the calculated value and FE analysis results demonstrate a corre-

0 0

'
1 tan , 1 tan

2 2
f fb b

V V
f f

F FD D

F L F L
q qQ Q= + = - (4.3) 
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lation, indicating that the calculated values effectively predict the changes of internal forces 

in beam-end flange. 

To further investigate the internal forces during the plastic state (θb=0.025 rad.), the 

comparison of internal force in beam flange between elastic and plastic state are shown in 

Fig. 4.13. In the figure, the red and black lines represent the  internal forces of beam flange in 

the elastic state (θb=0.005 rad.), while the square marks represent the internal forces in the 

plastic state. Comparing the internal forces in the elastic and plastic states reveals that the  

difference of internal force decreases in the plastic state. This phenomenon is consistent with 

experimental result in Chapter 3. However, when comparing the effects of beam depth and 
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Fig.4.12 Internal force of flange vs calculation in elastic state. 

(a)  VN15-D series specimen (b)  VN30-D series specimen 

(c)  VN15-L series specimen (d)  VN30-L series specimen 
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span, it is evident that for longer spans, the changes in difference of internal force are negligi-

ble. Notably, in the L4 series specimens (Span=4000mm), the difference of internal force 

difference at the beam-end shows almost no reduction at plastic state.  
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Fig.4.13 Internal force of flange in elastic state vs plastic state. 

(a)  VN15-D series specimen (b)  VN30-D series specimen 

(c)  VN15-L series specimen (d)  VN30-L series specimen 
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Fig.4.14 FE models of beam-end connection with horizontal oblique angle (NS30). 

4.3 FEA results of beam-end with horizontal oblique angle 

In the experiments conducted in Chapter 2 on beam-end connections with horizontal 

oblique angles, it was observed that the strain distribution in the beam-end flanges concen-

trated in the obtuse angle zone, while the strain in the acute angle zone became significantly 

smaller. This result indicates that the oblique angle at the beam-end leads to an uneven strain 

distribution. In the experiment, strain distribution at the beam-end was measured using strain 

gauges, but more detail is required to capture the strain distribution. Additionally, only one 

type of beam section and span was used, and further investigation is needed to determine the 

effects of beam section and span on the behavior of connections. Since the experimental data 

were limited to a specific beam section and span, further numerical analysis is required to 

generalize the findings. In this section, FE analysis will be conducted to replicate the experi-

mental results, while numerical analysis will evaluate the effects of beam section and span.   

 

4.3.1 Model construction  

The FE analysis model was generated using ABAQUS 2020 software. Solid elements 

using 8-node linear reduced integration were employed to construct the model. Taking NS30 

specimen as an example, the detailed setup of the specimen is shown in Fig. 4.14. To ensure 

consistency in the beam-end analysis model across all simulations in Chapter 4, the column 

component and welding details were omitted. The boundary conditions at the beam-end and 

loading points were kept consistent with those described in section 4.2. The mesh configura-
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Fig.4.15 Hysteretic curves of  FE analysis. 

(a) Specimen NS0 

(c) Specimen NS30 

(b) Specimen NS15 

(d) Specimen NS45 

tion is illustrated in Fig. 4.14. Due to the asymmetrical shape of the beam flange, the mesh 

was refined in greater detail to enable more accurate simulation of the stress-strain relation-

ship at the beam-end. 

 

4.3.2 Comparison of experimental results 

Fig. 4.15 provides a comparison of the hysteretic curves derived from the FE analysis 

and experimental result. Only minor differences were observed in the Bauschinger region. 

Mmax-FEM / Mmax-exp
Mmax-exp

[kN-m]
Mmax-FEM 

[kN-m]
KFEA / Kexp

KFEA

[N/mm]
Spec.

1.04559.2582.70.8313.110.9NS0

1.06565.7600.40.8412.710.7NS15

1.05571.0599.50.8912.010.7NS30

1.05572.1603.10.8313.210.9NS45

Table 4.5 Summary of FE analytical results. 
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The FE analytical results corresponded closely to the experimental result. The maximum mo-

ment and elastic stiffness values obtained from the analysis are summarized in Table 4.5. The 

ratio of the maximum moment and stiffness between the experimental and analytical results 

was consistently around 1.0, indicating that the horizontal oblique angle had minimal effect 

on the maximum moment or stiffness. 

 

4.3.3 Analysis of stress distribution at beam-end 

The plastic strain distribution along the y-direction (PE22) at the beam-ends of each 

specimen is illustrated in Fig. 4.16. For specimens NS0 and NS15, The plastic strain gradual-

ly accumulated at the two edges of the beam-end during deformation. In contrast, for speci-

mens NS30 and NS45, the plastic strain concentrates in the obtuse angle zone of the beam-

end (the red box in the figure), while the plastic strain in the acute angle zone decreases. This 

result aligns with the strain distribution observed in the experiments of Chapter 2, confirming  

(d) NS45 

qb= 0.01 rad. qb= 0.015 rad. qb= 0.02 rad. qb= 0.025 rad.
(a) NS0 

(b) NS15 

qb= 0.01 rad. qb= 0.015 rad. qb= 0.02 rad. qb=0.025 rad.

qb= 0.01 rad. qb= 0.015 rad. qb= 0.02 rad. qb= 0.025 rad.

qb= 0.01 rad. qb= 0.015 rad. qb= 0.02 rad. qb=0.025 rad.

(c) NS30 

Fig.4.16 Plastic strain distribution in y-direction (PE22) of FE analysis. 
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the effectiveness of the analysis for beam-end connections with horizontal oblique angles.  

To validate the effectiveness of the FE analysis for strain distribution in the plastic state 

(θb=0.025rad.), a comparison between experimental and analytical strain distributions is pre-

sented in Fig. 4.17. The vertical axis represents the strain, while the horizontal axis represents 

the beam width. The black squares indicate the experimental strain distribution at the u-

section of beam-end , and the red line represents the corresponding strain distribution from 

the FE analysis. Since only five strain gauges were used in the experiment at the u-section, 

the strain at the beam-end edge could not be directly measured. Therefore, to estimate the 

strain at the edge in experimental result, the strain closest to the edge were interpolated with 

a straight line. The line was then extended to the beam edge, and the strain at the intersection 

of the extended line and the beam edge was estimated as the strain at that position, represent-

(a) Specimen NS0 

(c) Specimen NS30 

(b) Specimen NS15 

(d) Specimen NS45 

Fig.4.17 Strain distribution at u-section of  FE analysis. 
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ed by the white squares in the figure. 

Comparing the experimental and analytical results, it can be seen that although the FE 

analysis values are slightly lower than the experimental strains, they effectively capture the 

strain variations at different positions along the u-section. Remarkably, in the FE analysis 

results for NS30 and NS45, the strain concentration effect is well reproduced.  

 

4.3.4 Parameter analysis  

The strain distribution results from the previous chapter confirm that the FE analysis 

can reliably replicates the experimental result. Because only specimens with horizontal 

oblique angles of 15°, 30°, and 45° were tested, the strain distribution analysis of experiment 

revealed a nonlinear relationship between strain concentration and the oblique angle. To bet-

ter fill the gap in the untested oblique angle range, numerical analysis will be conducted for 

specimens at various oblique angles. In addition, as in Section 4.2, the effects of beam span 

and beam width on beam-end connections with horizontal oblique angle will also be exam-

ined.  

 
4.3.4.1 Effect of different horizontal oblique angle   

To confirm the relationship between the oblique angle and strain concentration in the 

Loading  methodSpan LSectionQHSpec.

Cycle loading2200
RH

400x200x8x13

0NS0

5NS5

10NS10

15NS15

20NS20

25NS25

30NS30

35NS35

40NS40

45NS45

Table 4.6 Numerical analysis list. 
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Fig.4.19 Average strain eave of u-section in different horizontal oblique angle. 

Fig.4.18 Strain distribution at u-section of  FE analysis. 

0

0.01

0.02

0.03

0.04

0.05

0.06

0 50 100 150 200

5 10

15

u

e

x[mm]

Exp.
FEM

QH =0~15

0
0

0.01

0.02

0.03

0.04

0.05

0.06

0 50 100 150 200

20

30

u

QH =20~30

0

0.01

0.02

0.03

0.04

0.05

0.06

0 50 100 150 200

QH =35~45

35

45
u

e

x[mm]

e

x[mm]

(a) Specimen NS0 (b) Specimen NS15 (a) Specimen NS0 

obtuse zone of the beam-end, specimens with horizontal oblique angles from 0° to 45° were 

used for numerical analysis. The oblique angles ranged from 0° to 45°, divided into 5° inter-

vals, resulting in a total of ten specimens. The list of numerical analysis specimens is summa-

rized in Table 4.6. The beam section and span of numerical analysis were consistent with 

those used in the experiments, and the analysis conditions remained the same as in Section 

4.3.1.  

The strain distribution extracted from the u-section of the beam-end is illustrated in  

Fig. 4.18. FE analysis results for oblique angles from 0° to 15° are shown in Fig.4.18(a), for 

20° to 30° in Fig.4.18(b), and for 35° to 45° in Fig.4.18(c). In each figure, NS0 specimen is 

represented in black line for comparison, while the other specimens are shown in red. From 

Fig.4.18(a), it can be seen that for oblique angles range between 5° and 15°, strain concentra-

tion at the obtuse zone is only slightly greater than that of the 0° specimen, which aligns with 

the experimental results. In Fig.4.18(b), for oblique angles in the range of 20° to 30°, strain 
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Fig.4.20 Strain concentration ratio in different horizontal oblique angle. 
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concentration in the obtuse zone gradually increases with increasing oblique angle, while the 

strain in the acute angle zone decreases. But in Fig.4.18(c), for oblique angles between 35° 

and 45°, the strain concentration has rapidly increased as the oblique angle grows. 

To further clarify the change in strain concentration, the average strain eave at the u-

section was defined, and its relationship with the oblique angle is illustrated in Fig.4.19. The 

experimental results are indicated by black squares, while the analysis results are shown by 

the red squares. It is evident that, in both experiment and FE analysis results, the average 

strain eave at the u-section remains nearly constant regardless of the oblique angle. To further 

evaluate the degree of strain concentration, the strain concentration ratio was defined as the 

ratio of the maximum strain emax at the u-section by the average strain eave. The strain concen-

tration ratio is plotted on the vertical axis, and the oblique angle on the horizontal axis. Both 

experimental and FE analysis results are summarized in Fig. 4.20. In the figure, the red 

squares represent the FE analysis results, the gray squares show the element test results from 

Chapter 2.3, and the black squares depict the experimental results. Comparing the strain con-

centration ratio emax / eave from the figure, it can be seen that although all the experimental 

results show a slightly lower strain concentration ratio, both the experimental and analytical 

results show a synchronized increase. From the trend observed in the FE analysis results, 

when the oblique angle is up to 15°, the strain concentration ratio barely increases and re-

mains below 2. After 15°, the ratio increases rapidly with increasing oblique angle, and for 

oblique angles greater than 30°, the ratio rises even faster. So it can be concluded that the 

beam-end with a horizontal oblique angle should ideally not exceed 15°.  
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4.3.4.2 Effect of different beam span and depth 

To evaluate the influence of beam width and span on the beam-end connection with 

horizontal oblique angles, a numerical analysis was conducted using beam width and span as 

the primary variables. The details of the specimens used in the numerical analysis are sum-

marized in Table 4.7. The specimens are categorized into two series based on the parameters: 

beam width (B series) and beam span (L series). Each series includes specimens with oblique 

angles of 15°, 30°, and 45°. In the B series, beams with widths of 100 mm (B1), 200 mm (as 

used in the experiments), and 400 mm (B4) were used. In the L series, to investigate the ef-

fect of span, the beam span was varied to half (L1) and double (L4) of the experiment condi-

tion. The results of the numerical analysis are illustrated in Fig. 4.21, where the beam span 

and width are plotted on the horizontal axis and the strain concentration ratio on the vertical 

axis. The dashed lines represent the strain concentration ratio in the elastic state (θb=0.005 

rad.), while the solid lines represent those in the plastic state (θb=0.025rad.). 

For the B series (Fig. 4.21(a)), it can be observed that as the beam width increases, the 

strain concentration ratio also increases. Comparing the strain concentration ratio of the elas-

tic and plastic state, regardless of the beam width, the strain concentration ratio in the plastic 

Table 4.7 Numerical analysis list of beam span and width. 

Spec. QH Section Span L Loading   
method 

NS15-L1 15 

RH 
400x200x8x13 

1100 

Cycle loading 

NS30-L1 30 

NS45-L1 45 

NS15-L4 15 

4400 NS30-L4 30 

NS45-L4 45 

NS15-B4 15 
RH 

400x400x13x21 

2200 

NS30-B4 30 

NS45-B4 45 

NS15-B1 15 
RH 

200x100x5.5x8 NS30-B1 30 

NS45-B1 45 
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Fig.4.21 Strain concentration ratio in different beam span and width. 

(a) Specimen B series  (b) Specimen L series  

state is nearly double that in the elastic state. In the L series results (Fig.4.21(b)), as the beam 

span increases, the strain concentration ratio gradually decreases. However, when comparing 

strain concentration ratio of the elastic and plastic state, it can be seen that, for beam spans of 

2200 and 4400 mm, the change in the strain concentration ratio between elastic and plastic 

states is approximately twofold. In contrast, for span 1100 mm, the change in the strain con-

centration ratio decreases to about 1.5 times. This indicates that a shorter beam span reduces 

the strain concentration ratio in the plastic state. 

To predict the strain concentration ratio, a mechanical analysis was conducted on the 

strain at the beam-end. When the beam is subjected to a shear force, the corresponding  load-

ing condition is illustrated in Fig. 4.22. Based on the previous experimental and analytical 

findings, it is known that the irregular part of the beam-end tends to develop strain concentra-

tion, resulting in uneven deformation. However, away from the beam-end, the deformation 

gradually becomes uniform again. 

To simplify the analysis of strain at the beam-end, the irregular deformation beam part  

was defined as part A, while the normal beam part is defined as part B. The small incremen-

tal deformation in the boundary area of part A and B is labeled as Dx (highlighted in yellow 

in the figure). The edge length on the side of acute zone and the obtuse zone in part A is de-

fined as la, lb, respectively, while the flange width is B. Then the flange width is divided infi-

nitely, with each segment width labeled as Di. And the length of each segment in part A can 

be represented by the following equation. 

The strain in section li can be expressed by Eq.(4.5).  

Then, the ratio of the strain at the acute zone et to the strain at the obtuse zone eb can 
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also be represented by the following equation.  

Therefore, based on Eq. (4.4) to (4.6), the strain concentration ratio can be expressed by 

the following equation.  

Additionally, based on the FE analysis from the previous chapter, it can be concluded 

that the strain concentration ratio is influenced by the beam span. This implies that there is a 

proportional relationship between the lengths of part A and part B. Therefore, the relation-

ship α can be defined as 

Thus, the relationship between lb and L can be expressed as follows.  

The calculation result of strain con- centration ratio represented by α is plot-

Fig.4.22 Strain analysis of beam flange with horizontal oblique angle. 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

ted alongside the FE analysis results in the elastic state (Fig. 4.21). The comparison results 

(4.9) 
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4.5 Conclusions 

In this chapter, finite element (FE) analysis using ABAQUS was conducted for beam-

end connections with vertical or horizontal oblique angles. The FE results accurately repro-

duced the seismic behavior observed in the experiments and confirmed the validity of FE 

analysis for beam-end connections with oblique angles. The numerical analysis investigated 

the effects of beam section, span, and loading mode, revealing their influences on the behav-

ior of beam-end connections with oblique angles. The main conclusions of this chapter are 

summarized as follows:  

(1) In vertical oblique angle analysis, FE analysis accurately reproduced the experi-

mental results, presenting the internal forces in beam flange at the failure section. 

These internal forces were compared with the calculated results from the mecha-

nism analysis presented in Chapter 3, confirming its reliability.  

(2) More detailed numerical analyses of various vertical oblique angles were conduct-

0

0.5

1

1.5

2

2.5

3

3.5

0 100 200 300 400 500

emax / eave

width [mm]

30

15

45
a=0.1

FEA

cal

0

0.5

1

1.5

2

2.5

3

3.5

0 1000 2000 3000 4000 5000

emax / eave

15

45

30
a=0.1

FEA

cal

Span L [mm]

Fig.4.23 Comparison between strain concentration ratio from calculation and FEA result. 

(a) Specimen B series  (b) Specimen L series  

are presented in Fig. 4.23. In the figure, the calculation result are shown in red lines. By com-

paring the red line with the FE analysis results, it can be concluded that when α =0.1, mean-

ing the length lb is one-tenth of Lb, the calculated result can accurately predict the strain con-

centration ratio at the beam-end.  
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ed. At each vertical oblique angle, the internal forces of beam flange in failure sec-

tion were presented. The results indicated that the changing of internal force of the 

upper at the beam-end increased linearly with the vertical oblique angle. The effec-

tiveness of the mechanism analysis for calculating internal forces was verified. 

(3) In the numerical analysis of vertical oblique angle, the effects of loading mode, 

beam depth, and span were investigated. Under a load paralleled to the column, the 

difference of internal force between the upper and lower flanges was reduced by 

half, suggesting that the effect of vertical oblique angle can be largely neglected in 

long-term loading. It was also found that greater beam depth and shorter span am-

plified the effect of the oblique angle, increasing the internal force difference. The 

numerical analysis results show that the mechanism analysis effectively captured 

the impact of beam depth and span.  

(4) FE analysis of beam-end connections with horizontal oblique angles was conduct-

ed, reproducing the hysteretic behavior obtained in the experiment. The change of 

plastic region at the beam-end was analyzed for different horizontal oblique an-

gles. The strain distribution was compared with experimental results, demonstrat-

ing that the FE analysis accurately replicates the strain concentration observed in 

the experiments.  

(5) A numerical analysis with various horizontal oblique angles was given. The nu-

merical analysis result showed the continuous change of the strain concentration 

ratio in the obtuse angle zone. The results indicated that for the horizontal oblique 

angle smaller than 15°, strain concentration in the obtuse angle zone was insignifi-

cant, whereas the oblique angle ranges between 15° and 30°, it increased slightly. 

When the oblique angle larger than 30°, strain concentration increased sharply. 

(6) Numerical analysis studying the effect of beam width and span on the beam-end 

connection with horizontal oblique angles was conducted. It was found that in-

creased beam width and short span led to an increase of strain concentration ratio. 

Based on deformation conditions at the beam-end, strain condition was discussed, 

and an equation for predicting the strain concentration ratio was derived. The re-

sults showed that when the ratio of the strain concentration area to the uniform 

strain area was 0.1, the equation could effectively predict the strain concentration 

ratio. 
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CHAPTER  5 

Conclusions and future works 

5.1 Conclusions 

This dissertation presents experimental and analytical investigations of beam-end con-

nections with oblique angle in SMRF system. The following conclusions were made:  

In Chapter 2, a stress state of beam flanges with oblique angles was analyzed, and fail-

ure section was identified. In the element test, a phenomenon was observed where strain con-

centration led to a reduction in plastic deformation capacity. In the full-scale experiments, 

specimens with oblique angles of 15°, 30°, and 45° were tested. The full-scale tests confirmed 

that connections with oblique angles exhibit stable hysteretic behavior. The study revealed that 

horizontal oblique angles significantly influence the strain distribution at the beam end. When 

the angle was below 15°, its effect on strain distribution at the beam end was relatively small. 

However, for specimens with angles of 30° and 45°, strain concentration became significant. 

The failure mode of the specimens indicated that the failure section was the u-section (the sec-

tion perpendicular to the beam's axis), which was consistent with the results of the stress anal-

ysis. However, due to the occurrence of local buckling at the beam end, the reduction in plas-

tic deformation capacity was not observed.  

In Chapter 3, a mechanism analysis was presented to predict the internal forces in beam 

flanges and critical failure sections of beam-to-column connections with vertical oblique an-

gles. To validate the results of the mechanism analysis, specimens with vertical oblique angle 

of 0°, 15°, and 30° were tested. The experimental results showed that beam-to-column connec-

tions with vertical oblique angle exhibited stable hysteretic behavior. By observing the number 
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of cycles to failure, it was evident that the plastic deformation capacity of the beam ends de-

creased as the oblique angle increased. Through an analysis of strain distribution at the beam-

end, it was observed that the oblique angle had a significant effect on the strain distribution. 

For specimens with vertical oblique angles, the neutral axis at the beam end shifted upward,  

which aligned with the results of the mechanism analysis. Additionally, a comparison be-

tween specimens with and without weld access holes indicated that for the specimens with 

weld access holes, the deformation at the beam end was concentrated at the bottom of weld 

access hole. 

In Chapter 4, a finite element (FE) analysis was performed to extend the experimental 

findings and analyze the behavior of beam-to-column connections with oblique angles. For 

vertical oblique angle analysis, FE analysis accurately reproduced the experimental results. 

More detailed numerical analyses of various vertical oblique angles were conducted. At each 

vertical oblique angle, the internal forces of beam flange in failure section were presented. 

The results show that internal force of the upper flange increased linearly with the vertical 

oblique angle. The effectiveness of the mechanism analysis for calculating internal forces 

was verified. In the numerical analysis of vertical oblique angle, the effects of loading direc-

tion, beam depth, and span were investigated. Under a load paralleled to axis of the column, 

the difference of internal force between the upper and lower flanges was reduced, suggesting 

that the effect of vertical oblique angle can be neglected. It was also found that greater beam 

depth and shorter span amplified the effect of the oblique angle. For horizontal oblique angle, 

the strain distribution was compared with experimental results, demonstrating that the FE 

analysis accurately replicates the experiments. Numerical analyses with various horizontal 

oblique angles were carried out. The results indicated that for oblique angle is less than 15°, 

strain concentration in the obtuse angle zone can be neglected, whereas the oblique angle is 

larger than 15°, strain concentration increased sharply. In the analysis of beam width and 

span, large beam width and short span led to an increase of strain concentration ratio. An 

equation for predicting the strain concentration ratio was also given.  
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5.2 Recommendations 

This dissertation combines the experimental and analytical results with practical engi-

neering design applications to provide the following recommendations for beam-to-column 

connections with oblique angles: 

1. For beam-to-column connections with oblique angles, if the definition of span in 

this study is applied, the effect of the oblique angle on the maximum strength, elas-

tic stiffness, and plastic behavior up to the maximum strength under cyclic loading 

is relatively small. 

2. In the design of beam-to-column connections with oblique angles, shorter beam 

span and larger beam sections amplify the effect of the oblique angle. Therefore, 

when using the large oblique angle, it is recommended to use longer beam span or 

smaller beam sections in design to minimize the impact of the oblique angle.  

3. In the design of beam-to-column connections with horizontal oblique angles, when 

the oblique angle is less than 15°, the strain concentration on the obtuse angle zone 

of the beam end is small, and the angle has little effect on the plastic deformation 

capacity of the connection. However, when the oblique angle exceeds 15°, strain 

concentration at the obtuse angle zone of the beam end increases significantly, re-

ducing the plastic deformation capacity of the beam-to-column connection. It is 

recommended to use the extended diaphragm method to mitigate strain concentra-

tion at the beam end or using the cover plate (Fig, 5.1(b)) to enhance the obtuse 

zone of the beam-ends. 

4. In the design of beam-to-column connections with vertical oblique angles, the 

oblique angle causes unequal internal forces between the upper and lower flanges. 

As the  angle increases, the internal force in the upper flange of the beam-to-

column connection rises linearly, resulting in reduction of plastic deformation ca-

pacity of beam-to-column connections. It is recommended to apply the haunch 

method (Fig. 5.1(a)) for beam ends to enhance the connection appropriately. 
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5.3 Future works 

This dissertation has focused on the structural behavior of beam-end connections with 

vertical or horizontal oblique angles. Through mechanism analyses and experiments, the ef-

fects of oblique angles on beam-ends were explained. Additionally, numerical analysis was 

employed to clarify the structural behavior of beam-end connections with oblique angles un-

der different conditions. However, as a fundamental study, many issues remain to be explored. 

The following summarizes potential future works:  

Future work 1: The structural behavior of beam-to-column connections with vertical 

and horizontal oblique angle. 

In this dissertation, the specimens in Chapter 2 and 3 were classified into vertical and 

horizontal oblique angles. However, in practical applications, there are complex beam-to-

column connections that incorporate both vertical and horizontal oblique angles. Whether the 

structural behavior of such connections is consistent with connections that have only one type 

of oblique angle remains unknown. Exploring this aspect could be a focus for future research.  

 

Future work 2: The ultimate strength of panel zone in beam-to-column connections 

with oblique angle. 

As introduced in the dissertation's introduction, previous studies have conducted experi-

ments on panel zones under bidirectional loading. However, these experiments were either on 

isolated panel zones component or on beam-to-column connections without oblique angles. 

And in this dissertation, the structural behavior, failure modes, and stress-strain distribution of 

QV

QH

(b) Cover plate method(a) Haunch method

Fig. 5.1 Reinforcement method for beam-ends with oblique angle 
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the panel zone were not analyzed in either the experiments or the numerical analysis. There-

fore, further experiments and analyses focusing on the panel zone in beam-to-column con-

nections with oblique angles could be pursued in future work.  

 

Future work 3: The deformation capacity of a cruciform beam-to-column connection 

with oblique angle.  

In SMRF systems, beam-to-column connections typically function as a cross-shaped 

unit. While cantilever beams were used as specimens for both loading and numerical analysis 

in this dissertation, the potential effects of beam-end connections with oblique angle on other 

beam and column components also require evaluation. Particularly, for beam-to-column con-

nections with vertical oblique angle, the connections changes the  length of panel zone, mak-

ing the configuration of the connection more complex. Additionally, the impact of oblique-

angle beam-to-column connections on the seismic performance of the overall frame structure 

needs to be further investigated.  

Future work 4: Relationship between strain concentration and plastic deformation 

capacity of beam-to-column connections with oblique angles  

This study analyzed the effects of oblique angles on the stress and strain distribution at 

beam-end connections. The results showed that with increasing horizontal oblique angles, 

strain concentrates at the obtuse zone of the beam end, leading to a reduction in the plastic 

deformation capacity of beam-end connections. Similarly, with increasing vertical oblique 

angles, strain concentrates at the upper flange, which also reduces the plastic deformation 

capacity. Additionally, the effects of beam span and beam section on strain concentration 

were also evaluated through FE analysis. However, this study did not establish a quantitative 

relationship between strain concentration and plastic deformation capacity. Such a relation-

ship is also crucial for evaluating the seismic performance of beam-to-column connections.  
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Appendix A.  Comparison of increasing of strain concentration ratio 
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In the analysis of horizontal oblique angles, the variation of the strain concentration 

ratio under different angles was presented. In Fig. 4.20, Since emax /eave at 0° is different, the 

comparison standards vary. To compare the increasing of strain concentration, here, emax /eave 

was defined as Iq  and I0 was defined as the standard for comparison. The comparison of in-

creasing of strain concentration ratio are shown in Fig. A-1. In the figure, different colors 

represent the results of FE analysis, element tests, and full-scale experiments. Comparing the  

Fig. A-1 Comparison of increasing of strain concentration ratio. 
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FE results with those of the two experiments, it can be observed that the FE results are closer 

to the element test results but slightly larger than the full-scale experiment results. However, 

a comparison of strain distribution reveals that significant strain concentration occurs in spec-

imens S30 and S45 (see Fig. 2.20). The reason for the lower strain concentration ratio emax /e

ave obtained in the experiment is that the maximum strain emax measured in specimens S0, S15 

S30 and S45 remained approximately the same across different oblique angles. Nevertheless, 

as shown in Fig. A-1, the trend of strain concentration increasing with larger oblique angles 

remains evident in both experimental result and FE analysis. Therefore, the FE analysis re-

sults can reasonably reflect the experimentally observed. 
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Appendix B.  FE analysis of the element test 

The FE analytical was also applied for the element test, the model of L0, L15, L30, 

L45 was conducted. The model of 45° specimen (L45) as an example, is shown in Fig. B-1. 

The figure illustrates the boundary conditions and the element discretization of the model. 

The modulus generated was fully based on the design of the element test. Hexahedral solid 

elements (C3D8R) were used for the analysis, and the material properties of the elements 

were determined using the results of material tests. The boundary conditions were same to 

Fig. B-1 Loading condition of FE analysis on element test. 
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those in the element test, with the bottom edge fixed and tensile loading applied to the upper 

edge.  

The loading behavior obtained from the FE analysis are shown in Fig. B-2. The black 

line represents the results of specimen L0 from the element test, while the colored lines rep-

resent the FE analysis results. Since fracture analysis was not conducted in the material tests, 

the loading behavior of FE analysis are shown only up to the maximum strength. From the 

comparison between the FE analysis results and the experimental results, it can be observed 

that the FE analysis effectively reproduces the loading behavior observed in the experiment.  

To identify the potential fracture locations of the specimen, the analysis was carried out 

with an extended tensile loading, allowing the specimen to develop necking. Fig. B-3 shows 

the locations of necking at the maximum deformation of the specimen. Comparing the neck-

ing locations, although there are slight differences in the necking positions among the speci-

mens, the necking always occurs perpendicular to the specimen, indicating that the fracture is 

likely to occur at u-section. This result is consistent with the element test findings.  

Fig. B-2 Loading behavior of FE analysis on element test. 

Fig. B-3 Location of necking at max strength. 
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Fig. B-4 Plastic strain distribution from FE analysis at eave = 0.07 (y direction). 
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Additionally, to observe the strain distribution of the specimen, the plastic strain distri-

bution in the y-direction at the moment when eave=0.07 are shown in Fig. B-4. From the 

strain distribution in the figure, it can be observed that, compared to the 0° specimen (L0) 

and 15° specimen (L15), the specimens with 30° (L30) and 45° (L45) exhibited significant 

strain concentration in the obtuse angle zone. This result is consistent with the strain distribu-

tion analysis from the element tests. 

To evaluate the change of strain concentration, the strain distribution at u-section of 

obtuse angle zone was analyzed. The strain distribution at different horizontal oblique are 

shown in Fig. B-5(a). From the variation in the strain distribution, it can be observed that as 

the oblique angle increases, the strain on the obtuse angle zone gradually increases. The 

strain concentration ratio was used to analyze the changing of strain distribution, and the 
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strain concentration ratio compared with that obtained from the element tests are shown in 

Fig. B-5(b). The results indicate that the variation in strain concentration ratio from the FE 

analysis and element test are nearly identical, demonstrating that the FE analysis effectively 

reproduces the strain concentration phenomenon observed in the element tests. 
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