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High ductility and stiffness of the eccentrically braced frames (EBFs) are provided 

by the isolated beam segments between two braces or between brace and column which is 

referred as links. The remarkable hysteresis behavior of shear links in EBFs is so 

appealing to seismic design that they have also been used in other types of structure 

applications such as fuse members that provides required ductility and energy dissipation. 

Therefore, using shear links is becoming more and more popular not only in buildings but 

also in bridges.  



 
 

In order to assure that shear links provide required strength and ductility of the 

structure, studying the effect of key parameters on hysteretic behavior of shear links is of 

interest. High axial load is one of the key parameters which affect hysteretic behavior of 

shear links because premature flange local buckling might occur and results in 

deterioration in shear capacity, ductility, and energy dissipation of the links.  

The effect of high axial load ratio on shear capacity and ductility of shear links is 

studied by numerical simulation in this research. Finite element (FE) model was 

calibrated using experimental data for two link beams, including one link subjected to 

high axial load ratio. Nonlinear FE analysis of twenty-two shear link specimens was 

carried out to determine the plastic shear capacity of shear links with different link length 

and axial load level. In comparison with the formula given in 2010 AISC Seismic 

Provisions, a reduction factor is proposed to modify the code-specified design equation. 

Furthermore, local buckling due to high axial load was observed in link specimens, which 

precludes the shear links from providing the code-specified rotation capacity. The 

detrimental effect of high axial load ratio on ductility of the shear links was also observed 

from cyclic loading analysis of six link specimens in this research.  
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CHAPTER 1: INTODUCTION 

1.1. Background 

There are three most popular types of steel framed structures to resist seismically 

induced lateral forces in building construction: moment resistant frames (MRFs), 

concentrically braced frames (CBFs), and eccentrically braced frames (EBFs).  Moment 

resistant frames provide appropriate ductility, but providing adequate stiffness to meet the 

code drift limitation requires using larger member sizes. Therefore, seismic design of 

moment resistant frame is governed by drift limitation.  Concentrically braced frame has 

higher stiffness due to the use of bracing, but buckling of the braces deteriorates ductility 

and energy dissipation capacity.  

EBFs combine the advantages of MRF and CBF which provide high ductility and 

stiffness of the structures, and make them a very competitive seismic forced resistant 

system to use in high seismic region. The other benefit of EBF versus CBF is the 

allowable architectural design for windows and openings.  

High ductility and stiffness of the EBFs are provided by the isolated beam segments 

between two braces or between brace and column which is referred as links.  Link beams 

develop large plastic deformation and thus play sacrificial role to provide the required 

ductility and energy dissipation in order to protect the whole frame structure from 

collapse.  

Therefore, nonlinear behavior of the EBFs is limited to the link beams while the other 

structural members remain elastic. The EBF’s hysteretic behavior shows the stable and 

full loops without deterioration of stiffness and strength. Link beams based on the 
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nonlinear behavior are divided into three categories: shear yielding links (short links), 

flexural yielding links (long links), and combination of shear and flexural yielding 

(intermediate length links).   

Using shear links is more preferred because of the large stiffness and ductility.  The 

remarkable hysteresis behavior of shear links in EBFs is so appealing to seismic design 

that they have also been used in other types of structure applications such as fuse 

members that provides required ductility and energy dissipation. Therefore, using shear 

links is becoming more and more popular not only in buildings but also in bridges, such 

as those adopted for improving the seismic performance of New San Francisco-Oakland 

Bay Bridge (McDaniel et al. 2003).   

For seismic design of the EBFs, select appropriate size of the links is an important 

task. If link capacity is not predicted properly, all other member sizes of the structure will 

be affected either and consequently the structure is not economical or safe enough.  

There are a few parameters that affect capacity of the links such as material, size of 

the beam, and applied forces. Since the link beams is connected to the braces, the axial 

force of the links is usually insignificant. However, there are some configurations which 

axial forces could not be ignored, and it affects the strength and ductility of the links 

significantly. To address this issue, 22 shear link specimens have been chosen in this 

research to study the effect of axial forces on the capacity of the shear links. 
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1.2. Research Objectives 

The objective of this research pursues three following goals all focused on better 

understanding the nonlinear load-deformation behavior of shear links under different 

axial load conditions: 

1) The first objective is to present the importance role of shear links to improve 

the seismic performance of structures.  High energy dissipation capability and 

ductility in structure can be achieved by using shear links. Shear links yield 

first and limit transmitted forces to the columns, beams, and braces during 

earthquake.  

2) The second objective is to study the effect of axial load on shear capacity of 

shear links. Shear capacities of the different lengths of the shear links 

(e=1.2Mp/Vp, e=1.4Mp/Vp, and e=1.6Mp/Vp) with different axial load ratios 

(0.15-0.5) are obtained and compared with the AISC Seismic Provision 

formula. The discrepancy is compensated by using reduction factor (α) in the 

AISC design equation.  For this purpose 22 shear links originally designed by 

four different research groups are selected to examine their shear capacity and 

effect of axial load ratio.  

3) The third objective is to investigate the effect of varying axial forces on 

ductility ratio of the shear links. Ductility of the different lengths of the shear 

links (e=1.2Mp/Vp, e=1.4Mp/Vp, and e=1.6Mp/Vp) with different axial load 

ratios (0.15-0.5) are obtained.  Six of shear link specimens mentioned above 

were used to study the ductility performance of shear links subject to different 

axial load ratio.   
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1.3. Thesis Organization 

Simulation study of shear capacity and ductility of shear links with varying axial load 

ratios to compare with the code formulas is discussed in the following four chapters. 

Chapter 2 reviews the experimental research done by other researchers on shear links 

and practical use of the shear links to improve the seismic behavior of the building and 

bridges. The remarkable hysteretic behavior of shear links makes them getting more 

popular to use in different structures in high seismic area.  In addition, parameters which 

have effect on behavior and capacity of shear links are discussed and previous research 

work are reviewed. Previous research on axial force effect on shear links is also discussed 

in this chapter. 

Chapter 3 presents the simulation study on a prototype three story EBF designed by 

Uang and Richards (2006) for a location in Los Angeles. The EBF building with shear 

links was modeled using general nonlinear finite element (FE) software termed OpenSees 

software and axial load ratio acting on shear links is illustrated. 

Chapter 4 defines FE model details for 22 shear links to obtain the shear capacity and 

ductility of the links by applying different axial load values on them. Shear links are 

chosen from four different groups (Richards et al. (2006), Okazaki and Engelhardt 

(2006), Mansour et al. (2011), and Chao and Goel (2005)) with eight different axial load 

ratio (0.15-0.5). Shear capacities of the 176 models obtained from FE analysis will be 

compared with the AISC 2010 Seismic Provision formulas of the shear capacity of shear 

links with axial load ratio greater than 15%. A reduction factor (α) is proposed for the 

AISC design equation to account for the degradation effect due to increased axial load 

ratio. 
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The effect of axial load ratio on ductility of shear links under cyclic load testing will 

be performed on six links with three different lengths and axial load ratios. The 

preliminary results show the considerable effect of higher axial load ratio on the ductility 

performance of these sections. 

Chapter 5 presents a summary of the research, conclusions and some 

recommendations for future research.  
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CHAPTER 2: USE OF SHEAR LINKS FOR SEISMIC 

APPLICATION 

2.1. Review 

Eccentrically braced frames (EBFs) first introduced at University of California, 

Berkeley by Roeder and Popov (1977) as a seismic resistant structural system. 

Eccentrically braced frames combine the high ductility of moment resistant frames with 

link beam segment, and high stiffness of concentrically braced frames with braces.  

Figure 2.1 shows three typical arrangements of eccentrically braced frames; “e” 

indicates the length of the links. 

Five-story one-third scale EBF model tested on shaking table by Yang (1982) and 

isolated link tests were performed by Hjelmstad and Popov (1983) and by Malley and 

Popov (1983, 1984). The results showed that EBFs with shear yielding links are very 

stable and ductile frames in seismic loading. The excellent seismic behavior of EBFs can 

be identified by comparing their hysteretic loops under cyclic loading (Popov and 

Engelhardt 1988). MRFs exhibit stable hysteretic behavior without pinching or strength 

degradation if carefully detailed. However, in designing MRF, it is often necessary to use 

girders that are considerably larger than those required to meet force demand in order to 

control drift. On the other hand, the CBFs show hysteresis loops with pinching and 

strength degradation due to overall brace buckling, so it deteriorates the energy 

dissipation capacity of the CBFs. The EBF hysteretic behavior showed the stable and full 

loops without deterioration and degrading of stiffness or strength, because buckling of 
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braces is precluded with limiting the transmitted force by yielding link beams, and also 

stiffness increases by using braces. 

 

(a)        (b)                                                  (c) 

Figure 2.1. Typical eccentrically braced frames: (a) D-braced EBF; (b) K-braced; 
(c) V-braced. 

Therefore, the past studies have demonstrated the competitive seismic performance of 

EBFs when compared with other popular seismic-resistant steel framing systems. 

The inelastic behavior of EBFs is provided by link beams which yield first and limit 

the transmitted force to braces and columns. Therefore, control and study of the nonlinear 

behavior of EBFs is limited to control and study of inelastic behavior of link beams. 

The inelastic behavior of the links is strongly influenced by the length of the links and 

it depends on the geometric and structural properties of the link beams. According to 

Kasai and Popov (1986a) and AISC Seismic Provisions (2010) the link beams are 

classified into three categories:  

(1) Shear links which yielding of the links is governed by shear and the whole length 

of the link should meet the following criteria: 

e

L

e 

L 

e 

L

e
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p
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V
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e 6.1≤         (2.1) 

             The allowable rotational link is  . 

(2) Flexural (moment) links which yielding of the links is dominated by moment and 

involve only the ends of the links should meet the following length criteria: 

p

p

V
M

e 6.2≥     (2.2) 

The allowable rotational link is  . 

(3) Combination of shear and flexural links with the following link length. 

p

p

p

p

V
M

e
V
M

6.26.1 pp            (2.3) 

The allowable rotational links determined by interpolation 

08.002.0 ≤≤ pγ       

Where  

wfyp ttdFV )2(6.0 −=            (2.4) 

yp ZFM =  

Where Mp is the nominal plastic flexural strength, Vp is the nominal shear strength,   

is plastic rotation angle of the link beams, Z is the plastic modulus, and L is the bay 

width. Figure 2.2 illustrates the link rotation angle. 

To compare the efficiency of EBF, Popov et al. (1987) compared the stiffness of EBF 

with different links length relative to the MRF stiffness with the same member sizes. The 

result illustrated that for e/L > 0.5 the stiffness of the EBF and MRF is almost the same, 

and the maximum stiffness of the frame is for e=0 which is the concentrically braced 
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frames.  Therefore, the largest stiffness of the EBF occurred with the shortest possible 

link beams length.  

      

Figure 2.2. Link rotation angle. 

Foutch (1989) examined a full-scale six-story eccentrically braced dual frame for 

inelastic and sinusoidal load tests. The results demonstrated that 90% of the energy 

absorption of the frame occurred in shear links that is much more than the energy 

dissipated by panel zones deformation and flexural yielding of columns. Therefore, using 

short links is more preferred because of more stiffness and ductility.  

Stable hysteresis loops of links with no degradation require that links meet the 

compactness requirement and enough stiffener spacing.  

According to the AISC Seismic Provisions (2010), the width-to-thickness ratio limit 

for the flange of shear links is: 

yf

f

F
E

t
b

38.0
2

≤         (2.5) 

Width-to-thickness ratio limit for web is: 
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−≤               (2.6b) 

    

Where Py is the axial yield strength of a member, equal to FyAg and Pu is required 

axial strength using LRFD load combinations.  

Intermediate web stiffener for shear links shall be less than a value of (30*tw-d/5). In 

addition, AISC Seismic Provisions (2010) permits to use only one-sided stiffener for 

links with depth less than 25 in. Also, Full-depth double-sided stiffener at the connection 

of braces to link is required. 

If the stiffeners are spaced appropriately, the shear links exhibit stable and ductile 

cyclic behavior without failure before reaching a plastic rotation of 0.1 rad (Hjelmstad 

and Popov 1983; Malley and Popov 1983).  

All link stiffeners are required to be filet welded to the web and flanges, but it should 

be avoided to weld in the k-area of the link. The region of the web that extends from the 

tangent point of the web and the flange-web fillet is called k-area (AISC Seismic 

Provisions 2010). It has been indicated that stiffeners which is welded into k-area can 

generate link web fractures, so it reduces the plastic rotation capacity of the link (AISC 

Seismic Provisions 2010).  

One of the effective parameter in nonlinear behavior of shear links is the material of 

the link beams. 

Test conducted in 1980s are primary based on the material made from ASTM A36 

shows the stable and ductile hysteresis loops. Okazaki et al. (2005) accomplished 23 

experimental testing on shear links made from ASTM A992 steel. The results showed 
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new ductile web fracture initiated at the ends of stiffener to link web welds and propagate 

horizontally and grew large enough to cause complete failure of the link (Okazaki et al. 

2005) and cause shear links did not meet the target plastic rotation angle defined by AISC 

Seismic Provisions (2002). This web fracture did not observe in the past shear links made 

from ASTM A36. Ductile web fracture made the shear. In order to delay the web fracture 

occurrence it was recommended to increase the distance from k-line of the link section to 

the termination of the fillet weld of web stiffeners to at least 5tw where k-line is the line 

which connects the k-area along the length of the link and tw is the web thickness.  

Furthermore, it was suggested to weld double- sided stiffeners directly to flanges but 

not to web. In addition, the protocol loading for shear links proposed by Richards and 

Uang (2003) which apply lower cumulative rotation demand on shear links, could delay 

the web fracture to satisfy the 0.08-rad minimum plastic rotation requirement. 

Chao et al. (2006) discussed the cause to web fracture of shear links of ASTM A992 

steel and proposed a modification for rupture index (RI), which was introduced to predict 

the propensity of ductile fracture initiation in steel moment resisting connections, as 

modified rupture index (MRI) to estimate the location of the maximum index which 

indicates the most likely place of ductile fracture initiation. Furthermore, an alternative 

stiffener configuration based on simulation result was to use a single horizontal stiffener 

instead of multiple vertical stiffeners. 

Dusicka et al. (2010) studied the rotational capacity and performance of shear links 

made from different steel plates which gives more flexibility than rolled beams. They 

studied two shear links with high yield strength (50ksi and 70ksi) and three shear links of 

low yield strength without stiffeners.  Shear links with low yield strength have thicker 
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web plate to prevent buckling instead of using stiffeners. Shear links with high yield 

strength failure occurred next to the end of stiffener weld to the web and propagate 

vertically through the entire depth of the web along the stiffener-to-web welds. All of the 

specimens surpassed the target rotational capacity of shear links specified in AISC 

Seismic Provisions (2010). Therefore, the comparison between the results of shear links 

made from rolled wide flange sections of ASTM A992 (Okazaki et al. 2005) and shear 

links made from steel plates of ASTM A992 illustrates that their initiation of the cracked 

occurred at the same location, but their crack propagation and ultimate failure were 

different. The specimens made from low yield point exhibit more inelastic rotational 

capacity to 0.2 rad. They also observed from the hysteresis loops of the links, the high 

energy dissipation of the specimens; and the links made from low yield strength is more 

effective in energy dissipation.  

One of the materials with low yield strength is aluminum which enables to use thicker 

web plate to prevent web buckling. Shear links made of aluminum exhibited very 

effective energy dissipation capacity (Rai and Wallace 1998). 

Since other EBF members such as braces, columns, and beams should sustain the 

forces produced by the fully yielded and strain hardening of shear link to remain in 

elastic region, estimating of strain hardening value is one of the main concern in 

designing EBFs. Strain hardening ratio is the ratio of the maximum inelastic strength to 

nominal plastic capacity of shear links (Vp=0.6FyAw). Okazaki and Engelhardt (2006) 

obtained strain hardening ratio about 1.41 for shear links which is close to the EBF 

design requirement in the 2002 AISC Seismic Provisions. McDaniel et al. (2003) 
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measured larger strain hardening ratio about 2 for very large welded built-up wide-flange 

links.  

Therefore, according to the AISC Seismic Provisions (2010), strain hardening ratio 

for built-up shear links with heavy flanges and very short length (e < Mp/Vp) should be 

considered greater than 1.5 to be conservative.  

In addition, Corte et al. (2013) carried out analytical and numerical study on shear 

link overstrength and the effective parameters. The result illustrated that axial restraint 

could be another effective parameters on overstrength value for very short links. 

Comparison of the theoretical model with previous experimental results showed a good 

agreement to calculated overstrength value corresponding to different degrees of axial 

restraint. 

As mentioned earlier, shear links act like a fuse in EBFs to protect primary members 

of the structure during a strong earthquake. Therefore, using shear links in other 

structures such as shear walls and bridge pylons to dissipate earthquake-induced energy 

appear to be promising. For example, using shear link as coupling steel beam to connect 

the reinforced concrete wall has been reported by El-Tawil et al. (2010).   

In addition, because dissipating earthquake energy is limited to inelastic behavior of 

the shear links, they can be easily replaced after earthquake (Mansour et al. 2011).  

Two example of using shear links in bridges are in Richmond San Rafael Bridge and 

the tower of the eastern span of new San Francisco-Oakland Bay. During the earthquake, 

all four legs of the tower would move independently and they are not supposed to be 

damaged while the shear links can deform and absorb seismically induced vibrational 

movement and keep the tower elastic yet stiff and upright during earthquake (Marwan 
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2011). McDaniel et al. (2003) presented a full-scale testing of built-up shear links as 

energy dissipators for the seismic protection of the San Francisco Oakland Bay Bridge.  

In addition, applying shear links between diagonals in diagrid structures has been 

reported by Moghaddasi and Zhang (2013) to increase seismic ductility of these kinds of 

structures. 

In summary, shear link can serve as a hysteretic damper which is very competitive 

when compared with other energy dissipators such as fluid dampers, viscoelastic 

devices, and friction dampers because of negligible maintenance and lower cost 

(Buckle et al. 2005).  

Therefore, using shear links is becoming more and more popular in other structures 

such as bridges to dissipate earthquake energy and improve their seismic performance, 

and consequently it is essential to pay more attention to the detailed analysis of shear 

links to better control their nonlinear seismic behavior.   

 

2.2. Axial Load Effect on Shear Links 

As mentioned earlier, dissipating of seismically-induced vibrational energy of EBFs 

relies on the nonlinear behavior of shear links under severe cyclic loading. Therefore, 

choosing the appropriate size of shear links is the critical step in seismic design process.  

To provide appropriately proportioned link section sizes throughout the height of the 

structure, and prevent failure of any individual column or the formation of a soft story, 

Chao and Goel (2005) suggested using the ratio given below which should be constant 

through the height of the structure. 
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                 (2.7) 

Where Vp and Vlink are the plastic shear capacity and the required link strength is of the 

shear links respectively. 

Plastic design which provides the internal force of the members based on the selected 

desirable yield mechanism got more attention (Roeder and Popov 1977). 

After selecting link beams, the other components such as braces, columns, and beams 

outside of links, should be designed using internal forces amplified by the overstrength 

factor by following the capacity design procedure. 

Chao and Goel (2005) suggested performance-based plastic design using pre-selected 

global structural yield mechanism and a pre-designated target drift to design EBF. 

Another important parameter that affects the shear capacity of the shear links (besides 

the size of the links, material, and stiffener spacing) is the axial load acting on shear 

links. 

Axial force acting on links is often negligible if shear links are carefully positioned in 

EBFs, but there are some configurations that may lead to significant axial load at the link 

ends.  

Axial load effect was studied experimentally by Kasai and Popov (1986b) on two 

shear links with different lengths (e=1.6Mp/Vp and e=1.35Mp/Vp): W8x10 which is the 

half scale of W18x35 and were used earlier in the full-size 6 story building model test 

Yamanouchi et al. (1984). 

Cyclic axial force equal to the applied shear which is rare but critical case of link 

loading was applied at the end of the links in addition to the cyclic transverse force. 

Plastic rotation and energy dissipation of the shear links deteriorated because of the 
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severe flange local buckling. The failure of shear links with higher axial force is web 

buckling induced by severe flange local buckling which occur at δ=1.25 in and maximum 

axial load of 0.35Py. 

  In addition, their result showed that longer shear link deteriorated faster than shorter 

shear link in hysteretic behavior, so medium-length shear link sustained more cycles than 

longer shear link. This research only studied one size of the shear link with two different 

lengths. In order to draw a reliable conclusion different specimen sizes and lengths 

should be examined. 

Ghobarah and Ramadan (1990) developed a finite element model of Kasai and Popov 

(1986b) link section to study axial load effect on performance of links and compare the 

results with the experimental results.  The result of hysteresis loops of experimental and 

finite element models were in a good agreement. In addition, effect of axial normal forces 

on load-carrying capacity deterioration, maximum link deformation angle, energy 

dissipation, and ductility for the shear link with different length were examined.  The 

results illustrated that the most significant of axial load acting on the shear links occurred 

in shear link with length of e=1.6Mp/Vp. Since that length is the maximum possible length 

of the shear link, they have more complicated interaction of shear and moment. The result 

showed 37% drop of shear links deformation angle before failure in shear link with this 

critical length. For lengths greater than the critical value (e=1.6Mp/Vp) axial load effect is 

not significant. 

Therefore, high axial load acting on shear links may cause premature flange local 

buckling which will decrease the ductility and energy dissipation capacity of the links.  
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Ghobarah and Ramadan (1990) and Kasai and Popov (1986b) studied axial load 

effect on only the one specimen size (W8x10) with different lengths. In order to have 

promising results of axial load effect on ductility and energy dissipation capacity of shear 

links more experimental and numerical studies should be conducted on shear links with 

different sizes and lengths. 
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CHAPTER 3: SIMULATION STUDY OF EBF 

PROTOTYPE 

3.1. Prototype EBF Modeling 

In this chapter, a three-story EBF was chosen to be a prototype EBF building with axial 

load ratio exceeding 0.15 during design basis earthquake. Axial load ratio is defined as 

the ratio of axial forces acting on shear link to nominal axial yield strength of the shear 

link (FyAg). The three-story prototype EBF building was designed by Richards and Uang 

(2006) for location in Los Angeles area based on the moment frame protocol work of 

Gupta and Krawinkler (1999) according to the IBC (ICC2000) and AISC Seismic 

Provision (AISC 2002). 

A planar EBF model in the in longitudinal direction (frame 3L) of the building plan 

was conducted to simulate the seismic response behavior of the EBF frame using a 

general FE software termed OpenSees (Mazzoni 2009).  Figure 3.1 shows the OpenSees 

model of the frame with bay and column dimensions. Shear links are denoted as LiL and 

LiR, where i indicates the floor where the shear link is located; L indicates the left-hand 

side link and R indicates the right-hand side link at ith floor.  

Table 3.1 provides the list of member sizes and demand/capacity ratio. Link beams 

were designed to have similar demand/capacity ratio described in section 2.2 to 

encourage distributed link yielding (Richards and Uang 2006). 

As mentioned before, seismic performance of EBFs during severe earthquake events 

largely depends on the inelastic hysteretic behavior of shear links while the other 

components of the structure remain elastic.  
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Therefore, accurate numerical simulation of shear links is critical to nonlinear seismic 

analysis of EBF. Nonlinear behavior of the shear link is simulated using a special 

OpenSees model which was developed by Moghaddasi-B. (2011). Next section will 

describe the detail of shear link modeling in OpenSees. 

 

3.1.1. Shear Link Model in OpenSees 

To model the shear links, used a method proposed by Ramadan and Ghoborah (1995) 

is adopted which is originally based on the model developed by Ricles and Popov (1987). 

To model the shear links in OpenSees, the approach used by Moghaddasi-B. (2011) was 

employed for this study. Shear link model consists of the following three elements: a 

beam element at the middle to account for elastic axial, bending and shears deformations 

and yielding in bending, and two zero length elements at the two ends of the shear link to 

account for yielding in shear. 

The middle beam element is called “beam with hinges” in OpenSees. This element 

consists of three parts: a linear elastic region in the middle and two hinges at the ends. 

Schematics of the shear link model is shown in Figure 3.2.  Flexural hinges at the 

ends of the middle beam is modeled with a defined M-θ (Mazzoni et al. 2009). The yield 

strength of the flexural hinges is defined as the plastic flexural capacity of the link beam 

using the expected yield stress of 345MPa (50 ksi). The post-yield flexural stiffness of 

the link was equal to 5% of its elastic flexural stiffness (Richards and Uang 2006). Since 

yielding of the shear links is governed by shear, demand moment of the link should be 

lower than their moment capacity.  
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Shear properties of the shear links are defined by two zero length elements (shear 

hinge springs) at the ends of the shear link beam which is shown in Figure 3.2. Shear 

forces (V) and stiffness in the link beam versus distance between internal and external 

nodes (δ) is shown in Figure 3.3. That curve was calibrated using the experimental test 

results for ASTM A992 steel short links (Arce 2002) and can be divided into three 

distinct phases: 1) elastic range up to shear force of V1=1.1Vp; 2) plastic phase before 

ultimate failure; 3) degradation phase when web rupture happens because of excessive 

link rotation (Okazaki et al., 2006). 

According to the AISC Seismic Provisions (2010) link rotation limitation for shear 

link (short link) is 0.08 rad which can be considered as minimum limit value for required 

link deformation capacity.  

To model shear hinges, four parallel springs with isotropic bilinear behavior were 

used at both ends of shear link, as shown in Figure 3.3. Elastic-perfectly-plastic (Elastic 

PP) material is used to model the hysteresis behavior of four springs connected in parallel 

in OpenSees. Zero length elements are used for these shear springs to simulate the 

piecewise-linear shear behavior of the shear link in OpenSees. 

 

3.1.2. Material and Loads 

Beams in the braced bays and all columns were modeled as nonlinear beam-column 

elements with inelastic fiber sections. The beams in unbraced bays are modeled as truss 

elements based on the original design of Richards and Uang (2006).  Brace elements are 

also modeled as truss elements since they primarily carry the axial load. Brace elements 

are assumed to be fixed at the base level. Two lean-on columns along the height of the 
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frame at the two sides of the EBF frame are established to account for P-Delta effect. The 

lean on column is connected to the main EBF frame with rigid truss elements (with very 

high axial stiffness) and pinned at the base. 

Material properties of all elements was defined as the Giuffre-Menegotto-Pinto model 

(Menegotto and Pinto 1973) with isotropic strain hardening of 2%, Young’s modulus of 

200 GPa, and yield strength of 345 MPa (50 ksi) (i.e., Steel02 material in OpenSees).  

The gravity load combination of 1.2DL+0.5LL was applied to the structure during 

seismic loading following the procedure by Richards and Uang (2006).  The dead load 

DL is calculated to be 80 psf for the roof and 85 psf for other floors. The live load LL is 

20 psf for the roof, and 50 psf for other floors. The reduced live load is assumed to be 20 

psf for each floor. Nodal masses which are calculated by considering only dead load for 

seismic mass were lumped into the beam end nodes and lean-on column nodes according 

to corresponding tributary areas. Only half of the total floor seismic mass is considered 

for the planar EBF model due to symmetry of the structure plan. Gravity loads was 

applied to each beam end nodes based on tributary area. Half of the load on all gravity 

columns was applied to the nodes on the two lean-on columns. Table 3.2 provides the 

weight detailing of the prototype EBF. 

 

3.2. Eigen Value Analysis 

Natural periods and mode shapes of the prototype structure were determined from 

eigen value analysis performed OpenSees. The first three vibration periods of the 3-story, 
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6-bays EBF are 0.48, 0.23 and 0.18 seconds respectively. The first three mode shapes are 

shown in Figure 3.4. 

Dominant seismic response of the EBF structure is assumed to be the first mode. 

Therefore, the inverted triangular distribution is appropriate to distribute the seismic base 

shear along the height of the building. 

 

3.3. Nonlinear Static Analysis 

Nonlinear static analysis provides a useful insight of the performance of the structure. 

Nonlinear static analysis is simpler and thus takes lesser computing effort than nonlinear 

time history analysis, and it would be an appropriate start for understanding the behavior 

of the buildings. 

A pushover analysis for the three-story EBF was performed in OpenSees to obtain 

nonlinear static response curve of the frame. As mentioned before, the inverted triangular 

lateral load pattern was used for pushover analysis. The lateral loads were applied as 

nodal forces at the left most exterior nodes at each floor level. Lateral load was applied 

monotonically until the control point at the roof reaches a drift ratio of 3%. Roof drift 

ratio is defined as the roof displacement ratio divided by the height of the building, 

The normalized base shear (base shear normalized with seismic weight which 

contains only DL) versus roof drift ratio obtained from nonlinear static analysis is shown 

in Figure 3.5. This relationship is also called pushover curve, which can be used to 

determine the sequence of plastic hinges formation with increasing lateral force. In 

Figure 3.5 shear links L1L to L3R (L1L, L1R, L2L, L2R, L3L, and L3R) refers to the 
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yielding of shear links at the 1st, 2nd, and 3rd floors. Parameters δ1, δ2, and δ3 are shown in 

Figure 3.3.   

Web shear yielding of the links start when their deformation exceeds δ1, and when 

deformation of these links exceeds δ2 and δ3, second and third post-yield stage start. As 

shown in Figure 3.5, shear links starts to behave nonlinearly at the roof drift ratio of 

0.004 which corresponds to normalized base shear value of 0.2. 

During the pushover analysis, the slope of post-yield branch of the pushover curve 

change which suggests the initiation of shear links plastic deformation and entering into 

different phases (see Figure 3.3).  

 

3.4. Nonlinear Time History Analysis 

Nonlinear time history analysis provides a more realistic evaluation of the seismic 

response of the structure under strong earthquakes. Nonlinear time history response of the 

prototype three-story EBF was simulated under 20 design basis earthquake records 

originally developed by Somerville et al. (1997) for the Los Angeles, California region 

with a probability of exceedance of 10% in 50 years. These scaled earthquake ground 

motion records correspond to the design basis earthquake in the downtown Los Angeles 

area. 

Details of these earthquake ground motion records are listed in Table 3.3.  Time 

interval adopted for all the time history analyses was 0.02 seconds.  

Damping effect is considered by applying Rayleigh damping with 2% damping ratio 

assigned to the first and second modes respectively in OpenSees model.  
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The results of roof drift ratio, shear link rotation demands, and axial load ratio 

demand time history are presented in following sections. 

Peak value of these parameters refers to the largest absolute value of the specified 

parameter over the time. 

 

3.4.1. Global and Local Deformation Demand 

Figure 3.6 shows the peak roof drift ratio of the prototype 3-story EBF under each 

ground motion. The maximum peak roof drift ratio of the building is 1.46% which 

occurred under LA18 ground motion. The dashed line in Figure 3.6 denotes the average 

value of the peak roof drift ratio which is equal to 0.83%. Roof drift ratio refers to the 

horizontal displacement of the roof divided by the height of the building.  

Residual roof drift ratio is shown in Figure 3.7. Maximum residual drift ratio is 0.4% 

and occurred in LA18. The average residual drift ratio is equal to 0.13%. Small residual 

drift ratio means that during earthquake the force control members such as columns and 

beams remain in elastic region and only shear links undergo plastic deformation. 

Therefore, after severe earthquake at design level, the EBF structure may return to its 

original position.  

The maximum and the average of the peak roof drift ratio occurred in LA18 and 

LA09 respectively. Figure 3.8 shows the nonlinear seismic response of the 3-story 

prototype EBF, including the distribution of the peak displacements, peak acceleration, 

peak story drift ratio and residual story drift ratio along the building height under LA09 

and LA18 ground motions. The Prototype EBF has almost zero residual story drifts in all 

stories after those earthquakes. Figure 3.9 and Figure 3.10 show respectively the time 
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histories of the inter-story drifts and acceleration responses of the EBF subjected to the 

LA09 and LA18 earthquake ground motions. 

 

3.4.2. Link Rotation Demands 

Shear link rotation demand is one of the critical engineering demand parameter on the 

design of links. Table 3.4 lists the peak link rotation angle of the shear links at each floor 

under these twenty earthquake ground motions. The link rotation angle is defined as the 

vertical displacement between two ends of the link divided by the link length. The peak 

value of link rotation value refers to the largest absolute value of the parameter during the 

time history analysis. The two largest values of link rotation angles occurred in LA16 and 

LA13 equal to 0.0837 rad and 0.0755 rad respectively at first floor. The mean value is the 

ensemble average of the peak demands obtained from 20 time history analyses and is 

given in Table 3.4 for different shear links.  

Figure 3.11 shows the hysteresis loops of the shear link L1L (see Figure 3.1) of the 

prototype EBF under LA18 ground motion. The fat hysteresis loops of the shear links 

indicate the large amount of energy dissipated by shear links.  Figure 3.12 shows the peak 

link rotation angle along the height of the three-story prototype EBF under earthquake 

ground motions LA09 and LA18. 
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3.4.3. Axial Load Ratio Demands 

Table 3.5 lists the peak axial load in shear links at each floor under the 20 earthquake 

records. Axial load ratio refers to axial load acting on the shear links divided by nominal 

yield strength FyAg,; i.e.,  

Axial load ratio =  
gy AF

N          (3.1) 

Where N is the axial force and Ag is the cross section area of the shear link.  

The maximum axial load ratio is 0.49, which occurred under the LA20 earthquake. 

The average of the peak axial load ratio is about 0.32.  Figure 3.13 shows the maximum 

axial load ratio under 20 ground motions. The dashed line shows the ensemble average of 

the maximum axial load ratio which is 0.32. Figure 3.14 illustrates the peak axial load 

ratio along the height of the EBF under ground motions LA09 and LA18. Time histories 

of axial load ratio of the EBF for LA09 and LA18 is shown in Figure 3.15. 

 

3.5. Summary and Conclusions  

This chapter provides a study on the behavior of the three-story EBF building located 

in Los Angeles designed by Richards and Uang (2006). The nonlinear response of the 

structure was investigated using a finite element model developed in OpenSees software.  

Nonlinear time history analysis was performed under 20 earthquakes scaled to the 

design basis earthquake (i.e., with 10% probability of exceedance in 50 years) for the Los 

Angles, California region. The average peak roof drift ratio and residual roof drift ratio 

were 0.88% and 0.12% respectively. The small roof residual drift ratio is attributed to the 

fact that dissipating earthquake-induced vibrational energy was mainly achieved through 
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web shear yielding of the shear links while other members remain elastic during strong 

earthquakes. Fat and stable hysteresis loop of the shear links demonstrates the excellent 

seismic behavior of shear. 

Based on the nonlinear analysis presented in this chapter, EBF provides a promising 

lateral force resistant system in high seismic area.  

In addition, since damage associated with significant plastic deformation restricted 

to the shear links under severe earthquake, it would be easy to inspect, replace, and repair 

such fuse elements. 

The maximum and average axial load ratios obtained from nonlinear time history 

analysis are 0.47 and 0.3 respectively.  

These values exceed the 0.15 limit given by AISC Seismic Provision and thus the 

effect of high axial load ratio on local buckling and shear capacity of the shear links 

should be further examined.  
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Table 3.1. EBF member sections and link properties (Richards and Uang 2006). 
 

Story 

Member sections Link Properties 

Braces 
Columns 
with link 

connection 

Columns 
without 

link 
connection 

Beams/ 
Links 

Link length  
e and 

(   ) 

Demand/ 
capacity ratio 

1 W 14x176 W14x132 W14x61 W18x86 3.0 ft. (1.13) 0.55 

2 HSS 
14x14x5/8 W14x132 W14x61 W14x82 3.2 ft. (1.13) 0.59 

3 HSS 
12x12x5/8 W14x132 W14x61 W10x68 2.6 ft. (1.41) 0.55 

 

 

Table 3.2. Weight detailing of the prototype EBF. 
 

Roof (weight psf) Floor 2 and 3 (weight psf) 
Steel framing 13 13 

Metal deck and concrete 33 33 
Roofing 4 - 

Ceiling and Flooring 5 5 
 includes fireproofing 

Mechanical and electrical 4 4 
Partitions - 10 

Exterior walls 20 20 
Roof DL= 79 psf FL DL = 85 psf 

Seismic mass (kips.s2/ft) 56.86 61.91 
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Table 3.3. Earthquake records features. 

 Ground Motion Duration  PGA (g) 

LA01 Imperial Valley, 1940, El Centro 53.46 0.46 
LA02 Imperial Valley, 1940, El Centro 53.46 0.68 
LA03 Imperial Valley, 1940, El Centro 39.38 0.39 
LA04 Imperial Valley, 1940, El Centro 39.38 0.49 
LA05 Imperial Valley, 1940, El Centro 39.08 0.3 
LA06 Imperial Valley, 1940, El Centro 39.08 0.23 
LA07 Landers 1992,  Barstow-Vineyard & H  79.98 0.42 
LA08 Landers 1992,  Barstow-Vineyard & H  79.98 0.43 
LA09 Landers 1992,  Yermo Fire Station 79.98 0.52 
LA10 Landers 1992,  Yermo Fire Station 79.98 0.36 
LA11 Loma Prieta 1989, Gilroy  39.98 0.67 
LA12 Loma Prieta 1989, Gilroy  39.98 0.97 
LA13 Northridge 1994, County Fire Station 59.98 0.68 
LA14 Northridge 1994, County Fire Station 59.98 0.66 
LA15 Northridge 1994, Rinaldi  14.95 0.53 
LA16 Northridge 1994, Rinaldi  14.95 0.58 
LA17 Northridge 1994,  Sylmar,Olive View 59.98 0.57 
LA18 Northridge 1994,  Sylmar,Olive View 59.98 0.82 
LA19 North Palm Springs 1986 59.98 1.02 
LA20 North Palm Springs 1987 59.98 0.99 

 

 

 

 

 

 

 

 

 

 

 

Table 3.4. Peak link rotation angle of shear links in the prototype EBF under 20 
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earthquake records (unit: rad.). 

 
L1L L1R L2L L2R L3L L3R 

LA01 0.0296 0.0302 0.0169 0.0164 0.012 0.017 
LA02 0.0461 0.0446 0.0223 0.021 0.0157 0.0175 
LA03 0.0271 0.0286 0.0086 0.0088 0.0041 0.0102 
LA04 0.0159 0.0166 0.0148 0.0133 0.0199 0.0239 
LA05 0.0102 0.0123 0.0041 0.0053 0.0021 0.0085 
LA06 0.0039 0.0081 0.0016 0.0027 0.0028 0.009 
LA07 0.0131 0.015 0.0107 0.0116 0.0073 0.0105 
LA08 0.0065 0.0092 0.0051 0.0057 0.0093 0.0121 
LA09 0.0324 0.0327 0.0168 0.0151 0.0154 0.0171 
LA10 0.0174 0.0187 0.0142 0.0128 0.0194 0.023 
LA11 0.0189 0.0218 0.0231 0.0223 0.0077 0.0133 
LA12 0.0238 0.0238 0.0239 0.0231 0.017 0.0189 
LA13 0.0755 0.0662 0.0425 0.0383 0.0264 0.0286 
LA14 0.066 0.0601 0.0286 0.0263 0.0143 0.0166 
LA15 0.0604 0.0552 0.0258 0.0234 0.0245 0.0276 
LA16 0.0837 0.0762 0.0197 0.0196 0.0124 0.017 
LA17 0.0424 0.0398 0.0165 0.015 0.0142 0.0189 
LA18 0.0528 0.0474 0.0458 0.0389 0.0423 0.0416 
LA19 0.0176 0.0194 0.0248 0.0232 0.0184 0.0231 
LA20 0.0462 0.045 0.0226 0.0209 0.0289 0.028 
max 0.0837 0.0762 0.0458 0.0389 0.0423 0.0416 

mean 0.0345 0.0335 0.0194 0.0182 0.0157 0.0191 
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Table 3.5. Axial load demands in shear links of the prototype EBF building under 20 

earthquake records (unit: kips). 

 
L1L L1R L2L L2R L3L L3R 

LA01 376.4 379.2 306.4 314.6 308 306.2 
LA02 316.4 305.1 296 291.3 294.4 298.2 
LA03 304.2 303.6 283.3 284.7 267.9 267.1 
LA04 249.7 249.6 253 249.3 312.9 309.8 
LA05 294.4 288.4 235.1 235.3 250.3 251.1 
LA06 290.6 285.5 218.1 222.6 258.8 249.4 
LA07 254.1 254.8 246 244.2 266.3 269.4 
LA08 286.2 281.9 226.6 222.4 276.9 276.4 
LA09 339.8 335.5 260 257.7 287.8 292 
LA10 298.7 296.3 319.2 322.4 290.6 288.4 
LA11 347.4 343 342.3 340.1 284.2 278.9 
LA12 461.7 465.7 331.4 334.3 310.6 302 
LA13 411.4 411 359.1 347.1 328.2 321.3 
LA14 485.2 480.7 355.3 353.8 315.6 311.7 
LA15 398 380.3 285.9 271.9 317.3 317 
LA16 388.3 374.4 325.1 306.8 307.2 307.6 
LA17 320.9 326.5 238.3 235.1 288.9 290.3 
LA18 408.3 411.9 285.8 283.8 354 351.5 
LA19 495.2 492.4 349.6 347.5 312.9 312.4 
LA20 595.3 581.8 577.5 582.2 335 335.6 
max 595.3 581.8 577.5 582.2 354 351.5 
mean 366.11 362.38 304.70 302.36 298.39 296.82 

max ratio 0.47 0.46 0.48 0.49 0.36 0.35 
mean ratio 0.29 0.29 0.25 0.25 0.30 0.30 

 

 



 

 

 

 

 

Figure 3.

Figure 3.

Shear Hinge Springs

Figure 3.1. OpenSees model of prototype EBF

Figure 3.2. Schematic of shear link model.
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Figure 3.3. Force

shear hinge at each end (
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deformation relationship for parallel translational springs use to model 
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(a) 1st Mode Shape
 

deformation relationship for parallel translational springs use to model 

adopted from Richards and Uang 

Mode Shape 

deformation relationship for parallel translational springs use to model 

Richards and Uang 2006)

 

deformation relationship for parallel translational springs use to model 

2006). 
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Figure 3.Figure 3.4. First three mode shapes of the prototype EBF building

Figure 3.5

(b)

. First three mode shapes of the prototype EBF building

5. Push-over curve of the prototype EBF building
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(b) 2nd Mode Shape

(c) 3rd Mode Shape

. First three mode shapes of the prototype EBF building
 

over curve of the prototype EBF building

Mode Shape 

Mode Shape 

. First three mode shapes of the prototype EBF building

over curve of the prototype EBF building

. First three mode shapes of the prototype EBF building

over curve of the prototype EBF building

. First three mode shapes of the prototype EBF building. 

over curve of the prototype EBF building. 
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Figure 3.6. Maximum roof drift ratio of the prototype EBF under 20 earthquake records. 

 

 

Figure 3.7. Residual roof drift ratio of the prototype EBF under 20 earthquake records. 
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(a) Peak displacement    (b) Peak inter-story drift ratio 

    

(c) Peak acceleration           (d) Residual story drift ratio 

 

Figure 3.8. Seismic response of the 3-story prototype EBF under earthquake ground 

motions LA09 and LA18. 
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Figure 3.9. Inter-story drift time histories of the 3-story building under earthquake ground 

motions LA09 and LA18. 
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Figure 3.10. Acceleration time histories of the 3-story prototype EBF under earthquake 

ground motions LA09 and LA18. 
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Figure 3.11. Hysteresis loops of the shear link L1L the prototype EBF under LA18. 
 

 

 

Figure 3.12. Peak link rotation angle of the left links along the height of the 3-story 

prototype EBF under earthquake ground motions LA09 and LA18. 
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Figure 3.13. Maximum axial load ratio of the prototype EBF shear links under 20 

earthquake records. 

 

Figure 3.14. Peak axial load ratio along the height of the 3-story prototype EBF under 

earthquake ground motions LA09 and LA18. 
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Figure 3.15.Axial load ratio time histories of the 3-story prototype EBF under earthquake 

ground motions LA09 and LA18. 
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CHAPTER 4: FINITE ELEMENT SIMULATION OF 

SHEAR LINKS WITH VARYING AXIAL LOAD RATIOS 

4.1. Introduction 

Shear links in eccentrically braced frames (EBFs) are deformation-controlled 

elements which act like fuse device in a ductile system under severe cyclic loading while 

other members such as columns, braces, and beams are force-controlled members and are 

not allowed to enter inelastic phase.  

Therefore, energy dissipation capacity of EBFs should be restricted to inelastic 

behavior of shear links while other components of the structure remain elastic during 

severe earthquakes.  

Deformation-controlled member are intended to dissipate earthquake-induced 

vibrational energy by developing plastic deformation.  Ductility is the ability of a 

structure to sustain large deformation in inelastic range without reduction in strength.  

Therefore, ductility is an important measure of the seismic performance of 

deformation-controlled members as well as overall structural system. 

As described in Chapter 2, high axial load ratio acting on shear links causes flange 

local buckling which deteriorates shear capacity, ductility, and energy dissipation 

capacity of the shear links. 

 The objective of this chapter is to study the effect of axial load on the shear capacity 

and ductility of the shear links based on numerical simulation results. In addition, the 

equation provided by AISC Seismic Provisions (2010) will be compared with numerical 
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simulation results and a reduction factor is proposed to modify the code-specified design 

equation for shear link shear strength.  

Twenty-two shear link specimens with different link lengths are selected in this study. 

Eight different axial load ratios were considered in the parametric study. Two shear links 

specimens from each of the link length category will be selected to study axial load effect 

on ductility of the shear links. 

4.1.1. Validation of Numerical Models 

In order to investigate the effect of axial load on the shear capacity of shear links, 

monotonic loading analysis was first performed on finite element model developed in 

ANSYS (ANSYS, Inc. 14.5). 

Corte et al. (2013) investigated the plastic shear overstrength of short links based on 

finite element (FE) analysis in ABAQUS (ver. 6.10). The links are made of standard 

European shapes (HE and IPE). Shell element type with six degree of freedom per node 

has been used for the FE model. The boundary condition of the finite element model 

developed in ABAQUS is shown in Figure 4.1. Nodes over the end sections of the link 

were slaved to reference points: RP-A is the master node at the left end section and RP-B 

is the master node at the other end section.  

According to the modeling study by Corte et al. (2013), average stress–strain curve 

for the S 275 steel grade has been considered for material of the model (Byfield et al. 

2005). 

The accuracy of numerical modeling was verified by comparing the FE analysis 

results and experimental results obtained by Okazaki and Engelhardt (2007). The results 

of numerical and experimental results were in a good agreement (Corte et al. 2013). Both 
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cyclic loading and monotonic loading conducted to obtain maximum shear strength 

developed in links. The result illustrated that the difference of the cyclic and monotonic 

results of stiffened links without instability failure regardless of axial boundary condition 

was negligible. Therefore, maximum shear strength of the links obtained by cyclic 

loading can be reasonably estimated by monotonic analysis, so they used monotonic 

analysis to achieve the shear links capacity to reduce computing time (Corte et al. 2013). 

To verify the accuracy of FE model developed in ABAQUS by Corte et al. (2013), 

this research did an independent FE analysis using ANSYS and the results were 

compared with the FE models developed in ABAQUS for sections HE A 100 and          

HE M 100.  

Material and boundary condition (see Figure 4.1) of FE models developed in ANSYS 

are those of FE models in ABAQUS, the length of shear links has been selected as 

  . 

Monotonic loading analysis results in ABAQUS by Corte et al. (2013) and the finite 

element model developed in ANSYS is shown in Figure 4.2. It is seen from Figure 4.2 

that the difference between the Corte model in ABAQUS and the equivalent FE models 

developed in ANSYS are negligible. 

Experimental cyclic loading results of W10x33 with   made of ASTM 

A992 steel obtained by Okazaki and Engelhardt (2007) was compared with numerical 

outcomes. Figure 4.3 shows the response curves which illustrates a good agreement 

between experimental and simulated responses.  Elastic stiffness calculated by analytical 

equation as:  

          
sb

sb
e KK

KK
K

+
=                                           (4.1) 
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Where Ke is the equivalent elastic stiffness, Kb = 12EI/e3 is the bending stiffness; E is 

the elastic modulus; I is the second moment of area.  Ks = GAlw/e is the shear stiffness; G 

is the shear modulus; Alw is the web area.  

Calculated Ke is equal to 174.036 kN/mm, and elastic stiffness obtained from FE 

analysis is equal to 173.94 kN/mm which are almost the same.   

Furthermore, the results of experimental test of W8x10 with   made of 

ASTM A36 steel subjected to cyclic displacement and axial cyclic load, simultaneously 

obtained by Kasai et al. (1986b) was compared with numerical outcomes. Figure 4.4 

shows the reasonable agreement between experimental and FE responses. For this model 

elastic stiffness of analytical and numerical calculation are equal to 105.207 kN/mm and 

107.157 kN/mm respectively. 

 

4.2. Test Specimens 

4.2.1. Specimen Specifications 

A total of 22 shear links with different lengths have been selected to study the effect 

of axial load ratio on their shear capacity and ductility ratio. Table 4.1 lists the details of 

the shear link specimen information. Shear links that are made of ASTM A992 steel have 

been chosen from experimental studies reported by four different research groups at UC 

San Diego (Richards and Uang 2006), UT Austin (Okazaki and Engelhardt 2006), 

University of Toronto (Mansour et al. 2011), and University of Michigan (Chao and Goel 

2005). 

The link length, e, is often normalized with respect to the ratio between the plastic 

moment capacity, Mp, and the plastic shear capacity, Vp, of the link section. This 
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normalized link length, ρ, is defined as the dimensionless link length or length ratio 

(Richards & Uang 2005): 

pp VM
e

=ρ     (4.2) 

As mentioned earlier, links with length ratio ρ less than 1.6 is categorized as shear 

links. 

The shear links lengths selected for this study are as follow:  

Seven shear links with length ratio of 1.2, six of them with length ratio of 1.4, three of 

them with length ratio of 1.46-1.49, and the remaining six shear links with length ratio of 

1.6. 

The link length, e, listed in Table 4.1 was evaluated based on the section dimensions 

and the yield strength values which are defined in the next section. 

4.2.2. Finite Element Model 

The finite element program ANSYS (ANSYS, Inc. 14.5) was employed here to 

perform FE analysis of the shear links.  The FE models are intended to predict the 

seismic behavior of the links such as strength, ductility, and strength degradation due to 

local buckling in flange and web. The strength degradation resulting from material 

fracture is out of scope of this study. 

Shell Elements with six degrees of freedom per node (Shell 4node181 in ANSYS) 

were used in the models. The geometry of shell elements corresponded to the centerline 

dimensions of the links.  Stiffener welding was not modeled explicitly.   

Mesh refinement studies were conducted to determine the level of refinement 

necessary to achieve reasonable accuracy for seismic behavior study of shear links. Large 
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displacement option has been taken into account in FE analysis to capture local buckling 

and simulate P-δ effect in the shear link due to axial load.  

All shear link specimens considered in this study were made of ASTM A992 steel 

(Fy=50 ksi).  

Two sets of material properties that are specified based on separate monotonic and 

cyclic loading data were considered in this study, for shear link under monotonic loading 

and cyclic loading respectively. Figure 4.5 shows the piecewise stress–strain curves of 

the steel used for shear link specimens under monotonic loading (Chao et al. 2006). The 

same stress-strain relationship is used for flange, web, and stiffeners of the links. Cyclic 

coupon test results were needed for determining cyclic material properties of steel. The 

cyclic material property adopted for this study was calibrated using data from cyclic 

coupon tests performed by Kaufmann et al. (2001) on ASTM A572 grade 50. Steel 

yielding has been modelled using the Von Mises yield criterion, associated flow and the 

assumption of isotropic hardening 

Figure 4.6 illustrates a typical finite element model of shear link developed in 

ANSYS in this study. All nodes at the right end section of the shear link model were 

restrained against translational movement and rotations. 

To simulate the loading condition of shear links, a short length of rigid segment (5 

inches long) was added to the model on the left side to model loading fixture attached to 

the shear link specimen. This rigid section is supposed to restrain the left end section 

against rotations, while the translational (lateral and longitudinal) movement of the shear 

link is unconstrained. In order to make the rigid segment stiff enough to minimize its own 

deformation, the thickness of the flange and web plates were 20 and 40 times those of the 
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shear link’s flange and web plates respectively. The left side end section nodes of the 

rigid segment’s web were restrained against rotations. 

In addition, the left end nodes of the links were restrained against out-of-plane 

movement.  

Load on the shear link specimen was applied by controlling transverse displacements 

at the left end section nodes of the shear link model. Axial loads were directly applied to 

the left end section of the rigid segment and were kept constant during the loading 

process.  

 

4.3. Axial Load Effect on Shear Capacity 

Eight different values of axial load ratio (0.15-0.5) are considered to study the effect 

of axial load on the seismic performance of the 22 shear links (see Table 4.1 for details). 

Shear force vs. link rotation angle relationship of these shear links was recorded from 

monotonic loading analysis. Maximum shear force of the links before entering strain 

hardening is the actual plastic shear strength of the links. Figure 4.7 illustrates 

determining of plastic shear strength (Vp) from monotonic loading analysis. 

In order to indicate the effect of different axial load ratios on the shear with various 

lengths, W14x68 was selected. This specimen section is close to the average reduction 

factor which will be explained later.  

Three different link lengths of W14x68 (1.2, 1.4, and 1.6) with two axial load ratio 

levels (0.15 and 0.45) were subjected to a monotonically increasing displacement to δ/e = 

-0.2 (δ is the applied transverse displacement).  
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Figure 4.8 illustrate the deformed shape of W14x68 with ρ=1.2 with axial load ratio 

of 0.15 respectively. The initial stiffness of W14x68 with length ratio of 1.2 from FE 

analysis and analytical results were equal to 924.70 kips/in and 946.6 kip/in respectively, 

and the contribution of flexural displacement in the elastic region is about 0.32 of the 

total specimen’s displacement.  Figures 4.9 and 4.10 showed the first principal strain and 

stress contour of the link at θ = - 0.011 rad. As the figures displays the whole web got 

involved to the dissipating energy almost identically and failure mode of the specimen 

was web local buckling. 

Figures 4.11 to 4.13 show the deformed shape at θ= -0.2 rad, the first principal strain 

and stress distribution contour at θ= -0.011 rad of W14x68 with ρ=1.2 with axial load 

ratio of 0.45 respectively. When transverse loading applied downward bending and axial 

forced have the same sign combine on the top left and bottom right of the link’s flanges. 

Therefore, the ends opposite flanges sustain larger normal stresses which caused flange 

local buckling (see Figure 4.11). Failure modes of the specimens with axial load acting 

on them were the sever flange local buckling followed by web local buckling. First flange 

local buckling and web local buckling for W14x68 with ρ=1.2 with axial load ratio of 

0.45 occurred at δ= -2.73 in and δ= -5.5 in respectively.  

Web local buckling occurred close to the flange local buckling location which the 

Figures 4.12 and 4.13 showed the maximum strain and stress values were observed. 

Therefore, because of the premature flange local buckling the shear link could not use its 

total energy dissipation capacity. 

Figures 4.14 to 4.16 illustrate respectively the deformed shape of W14x68 with ρ=1.4 

with axial load ratio of 0.15 at θ= -0.2 rad, the first principal strain and stress distribution 
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contour at θ= -0.011 rad. The initial stiffness of the link from FE analysis and analytical 

results were equal to 702.1 kips/in and 722.9 kips/in respectively. The contribution of 

flexural displacement in elastic region of the link is about 0.35 of the specimen’s 

displacement which is more than the link with length ratio of 1.2 since the link gets 

longer and flexural contribution increases. As the figures shows, when the length 

increases the stress and stress concentrated at the end web panels. 

Figures 4.17 to 4.19 show the deformed shape at θ= -0.2 rad, the first principal strain 

and stress contour at θ= -0.011 rad of W14x68 with ρ=1.4 with axial load ratio of 0.45 

respectively. First flange local buckling and web local buckling of the specimen occurred 

at δ= -1.24 in and δ= -2.09 in respectively. Web local buckling emerged earlier than the 

link with length ratio of 1.2. As the Figures 4.18 and 4.19 illustrate maximum strain and 

stress occurred at end web panels and contribution of the middle part of the web to absorb 

energy is less than the link with length ratio of 1.2. 

Figures 4.20 to 4.22 display the deformed shape at θ= -0.2 rad, the first principal 

strain and stress contour at θ= -0.011 rad of W14x68 with ρ=1.6 with axial load ratio of 

0.15 respectively. The initial stiffness of the link with length ratio of 1.6 from FE analysis 

and analytical results were equal to 558.3 kips/in and 551.3 kip/in respectively, and in the 

elastic region the flexural displacement contribution is about 0.45 of the specimen’s 

displacement.  

As the figures shows, the failure mode was the end web panels local buckling 

followed by flange distortion. 

The deformed shape at θ= -0.2 rad, the first principal strain, and stress distribution 

contour at θ= -0.011 rad of W14x68 with length ratio of 1.6 with an axial load ratio of 
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0.45 are shown in Figures 4.23 to 4.25 respectively. First flange local buckling and web 

local buckling of the specimen occurred at δ= -1 in and δ= -1.9 in respectively.  

Monotonic loading analysis results of W14x68 with length ratio of 1.2, 1.4, and 1.6 

subjected to eight different axial load ratios are shown in Figures 4.26 to 4.28 

respectively.  

As indicated in the Figures 4.26 to 4.28 increasing axial load ratio decreases shear 

capacity of the link, which can be explained by von Mises failure criteria. Furthermore, 

degradation of strength due to high axial load was appeared earlier at smaller lateral 

deflection and peak load dropped quickly when the length of the link increasing. 

Furthermore, longer shear links deteriorates earlier than shorter shear link subjected to 

the same axial load ratio.  

 

4.3.1. Reduction Factor 

As the Figures 4.26 to 4.28 illustrated the rate of reducing plastic shear strength of the 

link (Vp) increases when axial load ratio values gets larger. Therefore, using constant 

strength value for predicting the link’s shear capacity with axial load ratio greater than 

0.15 appears to be less conservative for design. 

According to AISC Seismic Provisions (2010), shear capacity of shear links with 

axial load ratio greater than 0.15 can be calculated as: 

( )216.0 crwyp PPAFV −=         (4.3) 

Where 

     for I-shaped and       for box link sections 

Pr = Pu  for LRFD 
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Pu = required axial strength using LRFD load combinations. 

Pc = Py  for LRFD 

Py = nominal axial yield strength= FyAg. 

Normalized shear capacity is defined as the ratio of shear capacity with respect to the 

shear capacity at axial load ratio of 0.15. The dimensionless shear capacity ratios of the 

section W14x68 with its length ratio of 1.6 calculated by AISC formula (equation 4.3) 

and obtained from FE analysis is shown in Figure 4.29. For this purpose, a reduction 

factor is proposed to modify the code formula for shear capacity of shear links with 

higher axial load ratios. 

This reduction factor α is defined below to match the results given by modified AISC 

Equation (4.3) with the FE analysis result. 

( )216.0 crlwyp PPAFV α−=        (4.4) 

Based on data fitting, reduction factor values for shear links with length ratio of 1.2-

1.6 are given in Tables 4.2 to 4.5 respectively. As shown in these tables, for a given link 

length and axial load ratio, little change in the reduction factor value is observed. 

Therefore, it seems reasonable to use mean value as the reduction factor value for a 

specified link length ratio and axial load ratio.  

 Mean values and standard deviations of the shear links with length ratio of 1.2, 1.4, 

and 1.6 are given in Tables 4.6 to 4.8 respectively.  

Figure 4.30 shows the adopted reduction factor values for length ratios of 1.2, 1.4, and 

1.6 with varying axial load ratios.  
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4.4. Axial Load Effect on Ductility 

Ductility is the ability of the structure to sustain large permanent deformation without 

significant reduction in strength. Earthquake energy absorbed through inelastic 

deformation is one of the important seismic resistant structures characteristics. Ductility 

of properly designed EBF is directly related to the ductility of the shear links (Kasai and 

Popov 1986b). Shear links (short links) dissipate energy primarily through shear 

distortion which provides more ductility than longer links (flexural links). Well detailed 

shear links exhibited stable and ductile cyclic behavior without brittle failure before 

reaching a plastic rotation of 0.1 rad (Hjelmstad and Popov 1983). 

Ductility ratio provides a metric so that quantifies the maximum inelastic deformation 

capacity of seismic resistant structures or components. Ductility factor is defined by Park 

(1989) as the ratio of post-peak displacement at 20% reduction in load carrying capacity 

(   to displacement at yield  . This study adopts this definition for ductility factor 

shown as the following equation: 

y

u

y

u
γ

γµ =∆
∆=         (4.5) 

Where γu is the link rotation angle at 20% reduction of load carrying capacity, and γy is 

the link rotation angle at yield.  A method for determining of   and   was shown in 

Figure 4.7.  

Figure 4.31 shows over the load deflection curves for shear link of section W16x67 

modeled with two different steel material constitutive relationships (elasto-plastic vs. 

strain-hardening).  The shear link has a length ratio of 1.4 and axial load ratios of 0.15, 

0.3, and 0.45, respectively. The figure shows that actual plastic strength of the link (Vp) is 



54 
 

same for materials with and without strain hardening. Therefore, Vp is not dependent on 

strain hardening ratio. However, it is shown in the figure that ductility ratio (μ) of shear 

links significantly changed if strain hardening is considered for material model.  

According to Richards and Uang (2002), monotonic loading underestimate buckling 

load amplitude and strength degradation. To determine ductility ratio, performing cyclic 

load analysis is essential. In other word, cyclic loading was necessary to consider local 

buckling and associated strength degradation accurately.  

A cyclic load testing provides a more realistic loading to structures under earthquake 

loading. Iwasaki et al. (1987) concluded that loading rate has insignificant effect on 

hysteresis loops and for large displacement the energy dissipation capability is smaller 

when loading rate is lower. 

To conduct quasi-static load testing, cyclic loading protocol proposed by Richards 

and Uang (2005) is adopted for this study. It is worth noting that this cyclic loading 

protocol has been adopted and confirmed by AISC Seismic Provision (2005). 

In order to investigate high axial load effect on seismic behavior of the shear links, 

W14x68 with length ratio of 1.6 under cyclic loading is examined for cases subjected to 

axial load ratio of 0.15, 0.3, and 0.45 respectively. As previous researches asserted 

(Ghobarah and Ramadan 1990), e=1.6Mp/Vp is the critical length which high axial load 

has most effect on shear links.  

Figures 4.32 to 4.34 display respectively the deformed shape at θ= -0.09 rad, first 

principal strain and stress contours at θ= -0.0045 rad of W14x68 with length ratio of 1.6 

subjected to axial load ratio of 0.15 under cyclic loading test. The first principal stress 

vector plot of the right end web panel of the link at θ= -0.0045 is shown in Figure 4.35.  
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Figures 4.36 to 4.39 illustrate the deformed shape at θ= -0.05 rad, first principal strain 

and stress contours, and the first principal stress vector plot of the right end web panel at 

θ= -0.0045 rad of W14x68 subjected to axial load ratio of 0.25 under cyclic loading test 

respectively. As indicated by the figures, maximum stress and strain occurred at the 

flange local buckling location. Flange local buckling began at 30th cycle and web 

buckling of the end panels appeared at 34th cycle.  

Figures 4.40 to 4.42 display respectively the first principal strain contour, stress 

contours, and vector plot of first principal stress of the right end web panel at θ= -0.0045 

rad of W14x68 subjected to axial load ratio of 0.35 under cyclic loading test. Flange local 

buckling began at 24th cycle and web buckling of the end panels appeared at 28th cycle. 

Figures 4.43 to 4.45 display respectively the first principal strain contour, stress 

contours, and vector plot of first principal stress of the right end web panel at θ= -0.0045 

rad of W14x68 subjected to axial load ratio of 0.45 under cyclic loading test. Flange local 

buckling began at 20th cycle and web buckling of the end panels appeared at 24th cycle. 

The comparison of first principal stress contour illustrate that compression part is 

getting larger and tension part is getting smaller with increasing axial load ratio, so  the 

neutral axis at the right web panel is moving up which is obvious in first principal stress 

vector plots. Furthermore, the comparison of the vector plot of first principal stress shows 

that the direction of the first principal stress changed to the vertical when axial load ratio 

is getting larger.  This phenomenon can be explained by using Mohr’s Circle. When axial 

load ratio increases Mohr’s Circle moves to the left and its radius gets larger which make 

the angle of the first principal stress bigger.  
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Additionally, failure mode from web buckling in the link without axial load changed 

to the web local buckling induced by flange local buckling at the ends of the links in 

specimens subjected to high axial load. Maximum stress and strain shifted from the web 

to the flanges of the shear links and concentrated to the end web panels, so the 

contribution of the middle web panels to nonlinear behavior of the link under cyclic 

loading decreases. Moreover, as the figures showed, flange and web local buckling occur 

sooner with increased axial load ratio values.  

Ultimate and yield link rotation angles of shear links can be determined from 

backbone curves of corresponding hysteresis curves. Backbone curve for typical 

hysteresis loops of shear force versus link rotation angle that exhibits strength 

degradation after local buckling is shown in Figure 4.46(a). 

A number of methods are available to determine the maximum and yield points as 

described by Park (1989). The yield rotation angle is obtained of the equivalent elasto-

plastic system with the same elastic stiffness and ultimate load as the real system. The 

post-peak link rotation angle is obtained when the load carrying capacity has undergone 

20% reduction (Park 1989). 

Figure 4.46(b) illustrates that the ultimate rotation (γp) is identified at a point where 

lateral (shear) load reduced to 80% of the peak load in the backbone curve. Ultimate 

rotation of the shear link is calculated by averaging the ultimate rotation values for both 

the positive loading and opposite loading branches of the backbone curve. In Figure 

4.46(c), the yield rotation (γy) is identified as the average yield rotation of the positive 

loading and negative loading backbone curves.   
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Shear link specimens with two different sections (W18x86 vs. W14x74;  length ratio 

= 1.2 and axial load ratios = 0.15, 0.3, and 0.45 respectively) under monotonic and cyclic 

loading respectively are shown in Figures 4.47 to 4.58.  The results for another two 

sections (W16x67 vs. W12x45, length ratio = 1.4 and axial load ratios = 0.15, 0.3, and 

0.45 respectively) are shown in Figures 4.59 to 4.70. Additionally, another two sections 

W16x36 and W12x50 with length ratio of 1.6 and axial load ratios of 0.15, 0.3, and 0.45 

are considered for both monotonic and cyclic loading and their results are shown in 

Figures 4.71 to 4.82.  It is seen from these figures that monotonic and cyclic loading do 

not yield the same ductility ratio, and strength degradation behavior.  

 Table 4.9 shows the ductility factors for the concerned sections. The table shows that 

premature failure of the links with axial load ratio greater than 0.15 precluded the links to 

meet the rotation requirement (0.08 rad.) for shear links specified by AISC Seismic 

Provisions (2010).   

It is also seen from the table that for given link length ratio, ductility rapidly 

decreases with increasing axial load ratio, while for given axial load ratio, ductility 

decreases with increasing link length ratio.  

 

4.5. Summary 

A numerical study on the effect of axial load ratio greater than 0.15 on shear capacity 

and ductility of shear links was conducted in this chapter. As mentioned in Chapter 2, 

high axial load ratio acting on the shear links causes flange local buckling which 

deteriorates shear capacity, ductility, and energy dissipation capacity of the links. 
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The monotonic loading analysis was performed on 22 shear links with different 

length ratio (1.2-1.6). Actual shear capacity of the shear links (Vp) is the maximum shear 

force before extending the behavior to strain hardening region. Monotonic loading 

analysis for elastic-perfectly plastic and true stress strain behavior of the material showed 

the same Vp.  Pushover analysis was conducted for each section subjected to eight 

different levels of axial load ratios (0.15-0.5). Shear capacities obtained from FE analysis 

were compared with equation provided by AISC Seismic Provisions (2010) and a 

reduction factor (α) was proposed to modify the design code formula. The results showed 

that the reduction factor is dependent on axial load ratio and link length ratio.  

Therefore, for each length ratio category, the mean value of the reduction factors was 

proposed for different axial load ratios.  

In order to study the effect of axial load ratio on ductility of the shear links, since 

monotonic loading analysis results overestimates local buckling point, cyclic loading test 

provides more reliable results.  Therefore, quasi-static analysis were also conducted on 

six shear links, two specimens from each length ratio category, subjected to three 

different levels of axial load ratios. The results illustrates that ductility of the shear links 

is strongly dependent on its axial load ratio.   
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Table 4.1. Shear link specimens used for numerical simulation study. 
 

Group Section 
Link Length Intermediate 

Stiffener e 
(mm) e/(Mp/Vp) 

1      
 W18x86 1168 1.2 4@234mm 

W14x82 1092 1.2 3@273 mm 
W10x68 1219 1.41 3@305 mm 
W16x77 1120 1.2 4@224 mm 
W14x74 1120 1.2 4@224 mm 
W12x45 1067 1.43 5@178 mm 
W10x45 1067 1.41 4@213 mm 

  W10x68 1041 1.21 3@260 mm 
2           

W10x33 686 1.2 4@137 mm 
W16x36 930 1.49 6@133 mm 
W16x36 965 1.6 6@138 mm 

3           
W14x48 1241 1.6 6@177 mm 

  W14x68 1120 1.2 4@224 mm 
4           

W12x50 1219 1.6 5@203 mm 
W16x67 1321 1.4 6@188 mm 
W14x53 1270 1.6 6@181 mm 
W14x61 1346 1.48 6@192 mm 
W14x61 1460 1.6 6@209 mm 
W14x68 1372 1.46 5@229 mm 

 W14x68 1486 1.6 6@212 mm 
W14x68 1308 1.4 5@218 mm 

  W14x61 1283 1.4 5@214mm 
Group1: Richards and Uang (2006) university of California, San Diego. 

Group2: Okazaki and Engelhardt (2006) university of Texas, Austin. 

Group3: Mansour et al. (2011) university of Toronto. 

Group4: Chao and Goel (2005) university of Michigan. 
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Table 4.2. Reduction factor (α) for sections with length ratio of 1.2. 
 

Axial Load 
Ratio W18x86 W14x82 W16x77 W14x74 W10x68 W10x33 W14x68 

0.15 1 1 1 1 1 1 1 
0.2 1 1 1 1 1 1 1 
0.25 1 1 1 1 1 1 1 
0.3 1 1 1 1 1 1 1 
0.35 1 1 1 1 1 1 1 
0.4 1 1 1 1 1 1 1 
0.45 1.15 1 1 1 1 1 1 
0.5 1.3 1 1.1 1 1 1 1 

 

 

Table 4.3. Reduction factor (α) for sections with length ratio of 1.4. 
 

Axial Load 
Ratio W16x67 W14x68 W14x61 W10x68 W10x45 W12x45 

0.15 1 1 1 1 1 1 
0.2 1 1 1 1 1 1 
0.25 1 1 1 1 1 1 
0.3 1 1 1 1 1 1 
0.35 1 1 1 1 1 1.15 
0.4 1.18 1.15 1.15 1.15 1.28 1.15 
0.45 1.32 1.31 1.32 1.37 1.45 1.46 
0.5 1.39 1.42 1.41 1.49 1.54 1.53 

 

Table 4.4. Reduction factor (α) for sections with length ratio between 1.4 and 1.6. 
 

Axial Load 
Ratio 

ρ=1.46 
W14x68 

ρ=1.48 
W14x61 

ρ=1.49 
W16x36 

0.15 1 1 1 
0.2 1 1 1 
0.25 1 1 1.17 
0.3 1 1 1.36 
0.35 1.21 1.2 1.47 
0.4 1.41 1.39 1.51 
0.45 1.52 1.51 1.53 
0.5 1.58 1.56 1.52 
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Table 4.5. Reduction factor (α) for sections with length ratio of 1.6. 
 

Axial Load 
Ratio W16x36 W14x48 W12x50 W14x53 W14x61 W14x68 

0.15 1 1 1 1 1 1 
0.2 1 1 1 1 1 1 
0.25 1.39 1.4 1.26 1.3 1.2 1.2 
0.3 1.58 1.67 1.58 1.56 1.53 1.52 
0.35 1.66 1.82 1.75 1.71 1.73 1.72 
0.4 1.68 1.87 1.82 1.78 1.82 1.81 
0.45 1.68 1.87 1.84 1.78 1.85 1.84 
0.5 1.64 1.83 1.82 1.76 1.82 1.82 

 

 

Table 4.6. Mean and standard deviation for sections with length ratio of 1.2. 
 

Axial Load Ratio 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
Mean 1.00 1.00 1.00 1.00 1.00 1.00 1.02 1.06 

Standard Deviation 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.11 
 

Table 4.7. Mean and standard deviation for sections with length ratio of 1.4. 
 

Axial Load Ratio 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
Mean 1.00 1.00 1.00 1.00 1.03 1.18 1.37 1.46 

Standard Deviation 0.00 0.00 0.00 0.00 0.06 0.05 0.07 0.07 
 

Table 4.8. Mean and standard deviation for sections with length ratio of 1.6. 
 

Axial Load Ratio 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
Mean 1.00 1.00 1.29 1.57 1.73 1.80 1.81 1.78 

Standard Deviation 0.00 0.00 0.09 0.05 0.05 0.06 0.07 0.07 
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Table 4.9. Ductility ratio of sections with different axial load ratios. 
 

  Axial Load Ratio 
Length Ratio 

Section 
0.15 0.3 0.45 

(ρ) μ = γu/γy μ = γu/γy μ = γu/γy 

1.2 
W18x86 ≥ 17 7.4 3.6 
W14x74 ≥ 17 10.5 5.8 

1.4 
W16x67 11.3 4.7 3.0 
W12x45 10 5.6 2.9 

1.6 
W16x36 6.6 3.3 2.2 
W12x50 9.6 4.9 2.7 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.1. Boundary condition of FE model (Corte et al. 2013). 
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Figure 4.4. Comparison of numerical vs. experimental response curves of W8x10
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Figure 4.6. Typical finite element model of shear link in ANSYS
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Figure 4.32. Deformed shape of W14x68 (ρ=1.6; axial load ratio = 0.15) under cyclic 
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Figure 4.36. Deformed shape of W14x68 (ρ=1.6; axial load ratio = 0.25) under cyclic 
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Figure 4.38

Figure 4.39.  
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Figure 4.40. 
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Figure 4.42. 

W14x68 (ρ=1.6; axial load ratio = 0.35) under cyclic loading at θ= 
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Figure 4.44. First principal stress contour (MPa) of W14x68 (ρ=1.6; axial load ratio = 

Figure 4.45. 

W14x68 (ρ=1.6; axial load ratio = 0.45) under cyclic loading at θ= 
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0.45) under cyclic loading at θ= 
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W14x68 (ρ=1.6; axial load ratio = 0.45) under cyclic loading at θ= 
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Shear vs. link rotation hysteresis loop of W18x86 under cyclic loading 
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Shear vs. link rotation hysteresis loop of W18x86 under cyclic loading 
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Figure 4.54

Figure 4.55. Shear versus inelastic rotation hysteresis of W14x74 under monotonic 
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Figure 4.56

Figure 4.57. Shear versus inelastic rotation hysteresis of W14x74 under monotonic 
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Figure 4.58

Figure 4.59. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 
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Figure 4.60

Figure 4.61. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

00

200

400

600

800

1000

Sh
ea

r 
(k

N
)

60. Shear versus inelastic rotation hysteresis of W16x67 under cyclic 

loading 

. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

loading 

0.02 0.04

. Shear versus inelastic rotation hysteresis of W16x67 under cyclic 

loading (ρ=1.4; axial load ratio =0.15).

. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

loading (ρ=1.4; axial load rati

0.04 0.06 0.08

93 

 

. Shear versus inelastic rotation hysteresis of W16x67 under cyclic 

(ρ=1.4; axial load ratio =0.15).

 

 

 

 

. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

(ρ=1.4; axial load rati

0.08 0.1

Rotation (rad)

. Shear versus inelastic rotation hysteresis of W16x67 under cyclic 

(ρ=1.4; axial load ratio =0.15).

. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

(ρ=1.4; axial load ratio =0.3).

0.12 0.14

Rotation (rad)

. Shear versus inelastic rotation hysteresis of W16x67 under cyclic 

(ρ=1.4; axial load ratio =0.15). 

. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

o =0.3). 

0.16 0.18

. Shear versus inelastic rotation hysteresis of W16x67 under cyclic 

. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

0.2

 

 
. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 



 

 

 

Figure 4.62

Figure 4.63. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

0
0

200

400

600

800

Sh
ea

r(
kN

)

62. Shear versus inelastic rotation hysteresis of W16x67 under cyclic 

loading 

. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

loading 

0.02

. Shear versus inelastic rotation hysteresis of W16x67 under cyclic 

loading (ρ=1.4; axial load ratio =0.3).

. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

loading (ρ=1.4; axial load ratio =0.45).

0.04 0.06

94 

. Shear versus inelastic rotation hysteresis of W16x67 under cyclic 

(ρ=1.4; axial load ratio =0.3).

 

 

 

 

. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

(ρ=1.4; axial load ratio =0.45).

0.06 0.08

Rotation (rad)

. Shear versus inelastic rotation hysteresis of W16x67 under cyclic 

(ρ=1.4; axial load ratio =0.3).

. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

(ρ=1.4; axial load ratio =0.45).

0.1 0.12

Rotation (rad)

. Shear versus inelastic rotation hysteresis of W16x67 under cyclic 

(ρ=1.4; axial load ratio =0.3). 

. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

(ρ=1.4; axial load ratio =0.45). 

0.12 0.14

. Shear versus inelastic rotation hysteresis of W16x67 under cyclic 

. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 

0.16

 

 

. Shear versus inelastic rotation hysteresis of W16x67 under monotonic 



  

Figure 4.64

Figure 4.65
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Figure 4.67

00

100

200

300

400

500

600

Sh
ea

r 
(k

N
)

66. Shear versus inelastic rotation hysteresis of W12x45 under cyclic 

loading 

67. Shear versus inelastic rotation hysteresis of W12x45under monotonic 

loading 

0.02 0.04

. Shear versus inelastic rotation hysteresis of W12x45 under cyclic 

loading (ρ=1.4; axial load ratio =0.15).

. Shear versus inelastic rotation hysteresis of W12x45under monotonic 

loading (ρ=1.4; axial load ratio

0.04 0.06 0.08

96 

 
. Shear versus inelastic rotation hysteresis of W12x45 under cyclic 

(ρ=1.4; axial load ratio =0.15).

 

 

 

 

. Shear versus inelastic rotation hysteresis of W12x45under monotonic 

(ρ=1.4; axial load ratio

0.08 0.1

Rotation (rad)

. Shear versus inelastic rotation hysteresis of W12x45 under cyclic 

(ρ=1.4; axial load ratio =0.15).

. Shear versus inelastic rotation hysteresis of W12x45under monotonic 

(ρ=1.4; axial load ratio =0.3).

0.12 0.14

Rotation (rad)

. Shear versus inelastic rotation hysteresis of W12x45 under cyclic 

(ρ=1.4; axial load ratio =0.15). 

. Shear versus inelastic rotation hysteresis of W12x45under monotonic 

=0.3). 

0.16 0.18

. Shear versus inelastic rotation hysteresis of W12x45 under cyclic 

. Shear versus inelastic rotation hysteresis of W12x45under monotonic 

0.2

 

 

. Shear versus inelastic rotation hysteresis of W12x45under monotonic 



 

 

 

Figure 4.68
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Figure 4.70

Figure 4.71. Shear versus inelastic rotation hysteresis of W16x36 under monotonic 
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Figure 4.72

Figure 4.73. Shear versus inelastic rotation hysteresis of W16x36 under monotonic 
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Figure 4.74

Figure 4.75. Shear versus inelastic rotation hysteresis of W
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Figure 4.76

Figure 4.77. Shear versus inelastic rotation hysteresis of W12x50 under monotonic 
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Figure 4.78

Figure 4.79. Shear versus inelastic rotation hysteresis of W12x50 under monotonic 
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Figure 4.80

Figure 4.81. Shear versus inelastic rotation hysteresis of W12x50 under monotonic 
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Figure 4.8282. Shear versus inelastic rotation hysteresis of W12x50 under cyclic 

loading 
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CHAPTER 5: SUMMARY, CONCLUSION, AND 

RECOMMENDATION 

5.1. Research Summary 

Introducing eccentrically braced frames (EBFs) as seismic resistant steel frame 

structures dated back to 1970-1980s. Inelastic behavior of the EBFs is assigned to 

link beams when all other members are remained elastic.  Link beams in EBFs, 

especially shear links, exhibit excellent hysteretic behavior, and thus their use as fuse 

members are getting more popular also in bridges and shear walls.  

One of the primary parameters affecting the shear capacity and ductility of shear 

links under cyclic loading is its axial load. The main objective of this research is to 

study the axial load effect on shear capacity and ductility of the shear links. A 

summary of accomplished research work are presented as follows: 

• The seismic performance of a three-story EBF building located in Los 

Angeles was investigated to demonstrate the likely scenario of high axial 

load ratio (greater than 0.25) occurring in link beams of EBF with certain 

configuration. Nonlinear time history analysis of this prototype EBF was 

conducted using an ensemble of 20 earthquake records scaled to the 

design basis earthquake (DBE).  

• A finite element analysis of the effect of high axial load on the shear 

capacity of shear links was conducted on twenty-two shear link 

specimens. Eight different levels of axial load ratios from 0.15 to 0.5 were 

considered in this study. A reduction factor was introduced to modify the 
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shear capacity formula given in the AISC Seismic Provisions (2010) to 

match the nonlinear FE analysis results. 

• A numerical study of the effect of high axial load ratio on ductility of 

shear links under cyclic loading was performed on six shear link 

specimens. Eight different levels of axial load ratio from 0.15 to 0.5 were 

considered in this study.  
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5.2. Findings  and Conclusions 

Based on this numerical simulation study axial load effect on shear capacity and 

ductility of shear link, the following conclusions can be drawn: 

• The nonlinear time history analysis of a three-story prototype EBF 

indicated the excellent seismic behavior of the shear links since the 

OpenSees model did not account for high axial load effect. However, axial 

load ratio of the shear links in this EBF was found to exceed 0.15 under 

many design basis earthquake records. 

• High axial load acting on the shear links deteriorates the shear capacity 

and depends on the link length ratio. The effect was found to be more 

detrimental by increasing the length of the shear links. Monotonic loading 

analysis for the shear links showed that for the specimens with similar link 

length ratio and acting axial load ratio the reduction factors were close.  

• Nonlinear cyclic loading analysis revealed different ductility observed in 

shear links with different section sizes. The FE analysis results 

demonstrated the noticeable effect of axial load ratio on ductility ratio. 

Ductility ratio decreased significantly when axial load ratio exceeds 0.15. 

Furthermore, the effect of axial load ratio for longer shear links (ρ=1.6) is 

found to be more pronounced than shorter shear links. The premature 

flange local buckling followed by web local buckling at the end panels led 

to shear link do not meet the code requirement of link rotation capacity in 

AISC Seismic Provisions (2010).  
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5.3. Recommendation for Future Research 

The focus of this study was on axial load effect on shear capacity and ductility 

ratio of the shear links. Further research could be conducted in the following subjects: 

1. In this research, FE analysis was conducted on 22 shear links under 

monotonic loading and six shear links under cyclic loading. A 

comprehensive nonlinear FE analysis involving a greater quantity of link 

beam specimens is recommended to get more promising results. 

2. The results of this research are based on numerical study of FE models in 

ANSYS. Experimental test of shear links under monotonic and cyclic 

loading tests will provide useful experimental data which can be used to 

calibrate and validate numerical simulation results. 

3. High axial load ratio causes premature failure of flange local buckling 

which deteriorates strength, stiffness, ductility, and energy dissipation 

capacity of shear links. A future research on preventing such premature 

failure by increasing the thickness of the flanges or additional stiffeners 

near link ends is desired. 
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