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1. Introduction 

 

In recent years, steel structures have played an 

increasingly important role in the construction practice 

because of their light weight, high strength, good plasticity 

and toughness, easy manufacturing and installation, short 

construction period, etc. According to the different layouts 

of structural elevation, steel structure systems can be 

divided into moment-resisting steel frame systems, 

concentrically braced steel frame systems, eccentrically 

braced steel frame (EBF) systems, and frame-tube structure 

systems. The EBF system refers to the bracing inclined bars 

in the structural system, which have at least one end 

connected with a beam (not at the column joint), whereas 

the other end can be connected at the intersection of the 

beam and the column, or at the connection point which 

deviates from the other brace, and forms the link between 

the brace and the column, or between two braces. EBFs 

have the advantages of both concentrically braced structures 

and moment-resisting frame structures. They can provide 

enough elastic stiffness to meet the requirements of story 

drifts under frequent earthquakes. Under seldom  
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earthquakes, seismic energy is dissipated by plastic 

deformation of the link, while other structural components 

remain in the elastic stage (Ricles and Popov 1994). Fig. 1 

shows the typical layout of an EBF. The e represents the 

length of the link in the EBF. When e ≤ 1.6Mp/Vp, the link 

belongs to the shear yielding type, where Mp and Vp are the 

plastic bending capacity and plastic shear capacity of link, 

respectively. When e is in the range from 1.6Mp/Vp to 

2.6Mp/Vp, the link is of the bending-shear yielding type 

(Kasai and Popov 1986). According to the suggestions of 

GB 50011-2010, the link of an EBF should be designed as 

the shear yield type, because the internal force of the shear 

link is controlled by the shear force, whereas the plastic 

deformation develops sufficiently and the energy 

dissipation capacity is excellent. 

Y-EBF (Fig. 1(a)) is one of the structural forms of 

EBFs. Although its lateral stiffness is slightly lower 

compared with other bracing forms, the section size and 

length of the link can be designed separately to optimize the 

performance of the whole structure, because its link is 

located outside the frame beam. Moreover, under strong 

seismic action, plastic deformation mainly concentrates in 

the link section, while the least damage is sustained by 

frame beams and floor slabs, so they are easy to repair after 

an earthquake (Mansour et al. 2011, Shayanfar et al. 2012). 

In order to take full advantage of the plastic deformation of 

the link, the internal forces of the non-energy-dissipating 

members are amplified by the GB 50011-2010, which often 

causes the section of the member to be too large and limits 

the application of this structural form. In recent years, the 

strength and processing properties of steel have been greatly  
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improved by new steel production. Researchers began to 

study the mechanical properties of high-strength steel 

(usually steel with nominal yield strength of 460 MPa or 

above) (Alhendi and Celikag 2015, Chiew et al. 2015, Kim 

et al. 2014, Shi et al. 2012). The use of high-strength steel 

can effectively reduce the cross-section of frame beams and 

columns. However, when the strength of high-strength steel 

increases the yield ratio inevitably increases and elongation 

deteriorates. It is difficult to meet the requirements of the 

steel yield ratio and elongation in GB 50011-2010, which 

also limits the application of high-strength steel in seismic 

fortification areas (Ban and Shi 2017). In order to solve this 

problem, the high-strength steel composite Y-eccentrically 

braced frames (Y-HSS-EBFs) are proposed. The link is 

made of ordinary steel (e.g., LYP225, Q235, or Q345 steel 

with the nominal yield strength of 225, 235, and 345 MPa 

respectively) with good deformation ability, while the frame 

beam and column are made of high strength steel. Under 

seldom earthquake action, the link enters the plastic state 

completely in order to dissipate energy, so as to ensure that 

the structure has good plastic deformation and energy 

dissipation capacity, while the frame beam and frame 

column are still in the elastic state or developing slight 

plasticity, so high-strength steel can be used to save material 

and reduce cost. 

Although some scholars have carried out theoretical 

analyses and experimental research on this structural form 

(Popov 1983, Shayanfar et al. 2011, Montuori et al. 2014a, 

b), the research on Y-HSS-EBFs is relatively scarce at 

present. Duan and Su (2017) carried out monotonic and 

cyclic loading tests on plane Y-HSS-EBF specimens. 

Taking the length of the link as a variable, the failure 

mechanism, stiffness and hysteretic performance of 

specimens with shear and flexural links were studied. Wang 

et al. (2016) carried out a qusi-static test of a three-story 

half-scale Y-HSS-EBF. Test results reveal that Y-HSS-EBF 

has high stiffness and load-carrying capacity, and the shear 

link has good energy dissipation. Lian et al. (2015) 

compared seismic performance and economy of HSS-EBFs 

versus EBFs using nonlinear hysteretic and time history 

analyses. Results indicate that the seismic performance of 

HSS-EBFs is slightly lower than that of EBFs under the 

same design conditions. For the 12, 16, and 20-story 

designs, the weight decrease ratios of HSS-EBFs relative to 

EBFs are 16%, 12% and 7%, respectively. 

 

 

In this study, a new substructure hybrid simulation test 

(SHST) method is used to further investigate the seismic 

performance of Y-HSS-EBFs. SHST combines the 

substructure pseudo-dynamic test (Dermitzakis and Mahin 

1985) with general finite element software, taking the 

vulnerable part of the whole structure as the experimental 

substructure, and simulating the remaining part using finite 

elements, which can complement large-scale tests with very 

good prospects for practical applications (Chae et al. 2013, 

Hashemi and Mosqueda 2014, Khan et al. 2018). Firstly, on 

the basis of existing quasi-static cyclic loading tests, a finite 

element model in OpenSees was verified to provide a 

reference for the numerical substructure analysis model for 

the later SHST. Then, the SHST was carried out on the 

OpenFresco test platform. A three-story spatial Y-HSS-EBF 

model was taken as the prototype, the top story was taken as 

the experimental substructure, and the seismic performance 

of the structure was studied according to test results. 

 
 
2. Verification of the finite element model in SHST 

 
In SHST, the accuracy of numerical substructure 

modeling will have a significant impact on the validity of 

the test results. In this section, the OpenSees FE model is 

validated based on the pseudo-static test of Y-HSS-EBF by 

Duan and Su (2017) to provide a reference for the 

numerical substructure analysis model for the later SHST 

In reference Duan and Su (2017), the author's research 

group performed two pseudo-static cyclic loading tests of 

half-scale single-story single-span Y-HSS-EBF plane 

specimens. The links were of shear yield type with lengths 

of 300 mm (Specimen Y1) and 500 mm (Specimen Y2). 

The test model is shown in Fig. 2. The frame beams, 

columns and braces were made of Q460 steel, while the 

shear links were made of Q345 steel. The test results of 

material properties are shown in Table 1. The span of the 

specimens was 3600 mm and the story height was 1800 

mm. The sections of the members were as follows: the 

frame column was H150×150×6×10, the frame beam was 

H225×125×6×10, the shear link section was 

H225×125×6×10, the brace section was H125×120×6×10, 

and all joints in the model were welded in full penetration. 

As shown in Fig. 2(c), the jacks were used to exert a 

vertical load on top of the column, and the actuator was  

 
(a) Y-EBF (b) V-EBF (c) K-EBF (d) D-EBF (e) X-EBF 

Fig. 1 The typical layout of EBF 
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used to exert a horizontal load. The horizontal load was 

transmitted to the frame column on the other side through a 

pin-ended load beam. Cyclic loading protocols of mixed 

control of load and displacement was adopted. The specific  

 

 

 

 

 

 

 

loading stages are shown in Table 2. Fig. 3 shows the 

instrumentation arrangement of measuring points. The 

lateral displacement of the specimens and the rotation value 

of the shear links were measured by the linear variable  

  

Specimen

Ground 

beam

Strong floor

Actuator

Jacks

Load beam

Lateral plates

Jacks

Lateral braces

 
(a) Y1 (b) Y2 (c) 3D view 

Fig. 2 Test setup in reference Duan and Su (2017) 

LVDT1

Dial gage

LVDT2

LVDT3
LVDT4

  
(a) Layout of displacement sensor (b) Layout of strain gauge 

Fig. 3 Instrumentation arrangement of the specimen in reference Duan and Su (2017) 

Table 1 Material properties of steel 

Thickness 

(mm) 

Yield strength fy 

(MPa） 

Ultimate strength fu 

(MPa) 

Elastic modulus E 

(105 MPa) 
Elongation δ (%) 

6 427.40 571.10 2.01 29.73 

10 383.33 554.40 2.00 35.88 

8 496.90 658.57 2.08 26.53 

10 468.77 627.97 2.02 31.01 

Table 2 Cyclic loading protocols 

Series Control type 
Control indicators (column top) 

Force (kN) Displacement (mm) 

1 load 0.25Py*(1 cycle) — 

2 load 0.50Py(1 cycle) — 

3 load 0.75Py(1 cycle) — 

4 load 1.00Py(1 cycle) — 

5 displacement — 1.0∆y*(3 cycles) 

6 displacement — 2.0∆y(3 cycles) 

7 displacement — 3.0∆y(3 cycles) 

8 displacement — 4.0∆y(3 cycles) 

9 displacement — 4.5∆y(3 cycles) 

10 displacement — n×∆y(3 cycles) 

*Py: Evaluated yielding load of specimens; ∆y: Evaluated yielding displacement of specimens 
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displacement transducers (LVDTs). The strain gauges were 

arranged at the beam-column joint, brace, and shear link 

section. 

 

2.1 Establishing the finite element model 
 

The size of the model is the same as that of the test 

specimens, and the material nonlinearity and geometric 

nonlinearity are considered. The finite element model is 

shown in Fig. 4. Force Beam-Column Elements are used for 

the frame beam and column, and Truss elements with 

hinged ends are used for the brace. Steel02 (Menegotto 

1973), in which isotropic strain hardening and the 

Bauschinger effect can be taken into account, can be used 

for constitutive selection of steels. The yield strength and 

elastic modulus E of materials are averaged according to the 

measured results of the material properties tests in Table 1. 

According to the specifications of steel strain hardening rate 

b in OpenSees user command-language manual (Mazzoni et 

al. 2009), the author initially selected it with the range of 

0.01–0.02, and then determined the final value of b through 

many simulation attempts. The three shape control 

parameters of the curve transition sections R0, cR1, cR2, and 

the isometric reinforcement parameters a1–a4 are selected 

by referring to the discussion of results in the OpenSees 

 

 

 

 

 

 

 

user command-language manual (Mazzoni et al. 2009) on 

the influence of the values of the parameters. The specific 

values are shown in Table 3. 

Establishing a reasonable shear link element model is 

the key problem to finite element modeling and analysis of 

Y-HSS-EBFs. The link in reference Duan and Su (2017) is 

designed as a shear yield type, and the shear force remains 

constant throughout the link section. Therefore, a non-linear 

shear hinge is set in the middle of the link by using a zero-

length element, assuming that the shear deformation only 

occurs in the hinge, and the bending and axial deformation 

are borne by the elastic beam elements on both sides. In 

other words, the shear stiffness of link will be considered by 

the zero-length element, and the flexural stiffness will be 

considered by the elastic beam elements.  

Zero-length elements need to define material properties 

in six directions, only considering the shear direction plastic 

deformation in the plane, while material properties in other 

directions are rigid. The key problem of modeling is to 

determine the restoring force parameters of the shear 

direction spring reasonably, which is also simulated by 

Steel02. In the zero-length element, the yield strength fy of 

the Steel02 material corresponds to the yield shear force Vy 

of the shear link section, and the elastic modulus E 

corresponds to the shear line stiffness K0 of the shear link. 

 

Table 3 Parameters of Steel02 

Steel fy (MPa) E (105 MPa) b R0 cR1 cR2 a1 a2 a3 a4 

Q345B 405.365 2.00 0.01–0.02 18.5 0.925 0.1 0 1 0 1 

Q460C 482.835 2.05 0.01–0.02 18.5 0.925 0.1 0 1 0 1 

Table 4 The control parameters of the shear spring 

Shear spring parameters Steel02 parameters 
Specific corresponding values 

(Y1) 

Specific corresponding values 

(Y2) 

Yield shear force of shear link Vy Yield strength fy 334.329 kN 325.231 kN 

Shear line stiffness of shear link K0 Elasticity modulus E 316.172 kN/mm 189.703 kN/mm 

e

Force Beam-

Column Element

Truss Element
Elastic Beam Element

Lower Node

Upper Node

Shear spring

Zero Length Element

Elastic Beam Elemente

 

Fig. 4 Finite element model 
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The initial yield shear force calibrated in reference 

Özhendekci and Özhendekci (2008) can be calculated 

through the following equation 

y p1.1V V  (1) 

2 2

f w

w f

0.0625
1

0.58

A et

A b e



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（ ）
 (2) 

where, α is the shear capacity enhancement factor 

considering the flange, Vp =0.58 fy,w Aw, Aw and Af are the 

cross-section area of shear link web and single flange, e is 

the length of shear link, tw is the web thickness, bf is the 

width of flange, fy,w is the yield strength of shear link web. 

The average value of Q345 steel is taken according to the 

coupon test in reference Duan and Su (2017). 

The calculation of shear line stiffness K0 could be 

calculated as 

0 wK GA e GA e   (3) 

where G is the shear modulus of the link section, equals to 

80GPa. 

According to Eqs. (1) and (3), the control parameters of two 

model shear springs and corresponding parameters of 

steel02 are obtained as shown in Table 4. 

 

 

 
 

 
2.2 Verifying the finite element model 

 

In order to verify the reliability of the numerical 

simulation, the hysteresis curves and skeleton curves of the 

two specimens are compared with the experimental results. 

 

2.2.1 Comparison of hysteretic loops 

As shown in Fig. 5, the experimental hysteresis loops of 

Y1 and Y2 are compared with the simulation ones when b is 

0.01 and 0.02 respectively. It can be seen from the figure 

that when b is selected as 0.01, the simulation results are in 

better agreement with the experimental results in both 

loading and unloading stages. There are some differences 

between the test and the simulation results when the 

specimen Y1 is damaged. This is mainly due to the failure 

of the specimen Y1 due to local buckling and tearing of the 

web of the shear link during the test, while the initial 

defects of the member are not considered in the finite 

element method, so the bearing capacity does not suddenly 

decrease. 

 

2.2.2 Comparison of skeleton curves 
As shown in Fig. 6, the skeleton curves of the finite 

element model when b is 0.01 are compared with the 

experimental results. It can be seen that they are in good 

agreement, and the finite element skeleton curve is close to  

  
(a) Y1 (b) Y2 

Fig. 5 Comparison of hysteretic loops 

  
(a) Y1 (b) Y2 

Fig. 6 Comparison of skeleton curve 
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the test results in bearing capacity and lateral stiffness. 

Tables 5 and 6 show the comparison between results of the 

finite element model (FEM) calculation and test results for 

Y1 and Y2 in each loading stage. From Tables 5 and 6, it 

can be seen that the yield load obtained in FEM is slightly 

higher than the test results, and the ultimate load is in good 

agreement with the test results. 

Based on the above analysis, it is clear that the finite 

element model in OpenSees is reliable and can be used to 

model the numerical substructure in the follow-up SHST. 

 

 

3. SHST model 
 

In this section, the SHST method is used to further study 

the seismic performance of the Y-HSS-EBF structure. 
 
3.1 Prototype structure 
 
The prototype structure is designed according to 

GB5011-2010. As shown in Fig. 7, the plane dimension of 

the prototype structure is 5650 mm by 5650 mm, with three 

stories and a height of 3600 mm. The frame beams and 

columns are made of Q460 steel, the links are made of 

Q235 steel, the braces are made of Q345 steel, and the 

brace form is Y-shaped. The length of the link (which is a 

shear yield type) is 700 mm. The cross-sectional 

dimensions of each member are shown in Table 7. 

According to GB5011-2010, the design peak ground 

acceleration (PGA) of the prototype structure is 0.2 g with a 

10% exceeding probability in 50 years. 

 

 

 

 

 

 

 

Table 7 Cross section of the member 

Member Cross section (mm) 

Column H290×290×16×20 

Beam H280×200×16×20 

Brace H200×200×12×20 

Shear link 

1st floor  H250×140×8×16 

2nd floor H200×140×8×16 

3rd floor H160×140×6×16 

 

 

3.2 The SHST model 
 

Considering the conditions of the laboratory, a half-scale 

model of the prototype structure was selected for the SHST 

model. The height of the model is 1800 mm, the span in 

both directions is 2825 mm, and the length of the shear link 

is 350 mm. The section of the members is shown in Table 8. 

 

 

 

Table 8 Cross sectional dimensions of the member 

Member Cross sectional dimensions (mm) 

Column H145×145×8×10 

Beam H140×100×8×10 

Brace H100×100×6×10 

Shear link 

1st floor  H125×70×4×8 

2nd floor H100×70×4×8 

3rd floor H80×70×3×8 

 

 

Table 5 Comparison of the results of FEM calculation and the test values of Y1 

Loading direction 
Performance 

indicators 

Lateral stiffness Ki (kN·mm-

1) 

Yield point Ultimate point Ductility 

µ Δy (mm) Fy (kN) Δu (mm) Fu (kN) 

Positive direction 
(push) 

FEM 86.25 7.78 430.00 35.96 671.00 4.62 

Test 79.62 8.35 386.66 36.34 664.86 4.35 

Error* 8.32 -6.82 11.20 -1.05 0.92 6.20 

Negative direction 
(pull) 

FEM 89.82 7.47 419.23 36.76 671 4.92 

Test 83.54 7.94 374.01 36.00 663.31 4.53 

Error* 7.52 -5.91 12.09 2.11 1.15 8.53 

*Error=(Finite element-Test)/Test×100% 

Table 6 Comparison of the results of FEM calculation and the test values of Y2 

Loading direction 
Performance 

indicators 

Lateral stiffness Ki (kN·mm-

1) 

Yield point Ultimate point Ductility 

µ Δy (mm) Fy (kN) Δu (mm) Fu (kN) 

Positive direction 

(push) 

FEM 73.91 8.44 385.45 43.27 623.83 5.12 

Test 81.20 7.54 364.75 43.28 612.27 5.74 

Error -8.97 11.93 5.67 -0.02 1.88 -10.68 

Negative direction 

(pull) 

FEM 65.02 9.44 421.21 39 613.84 4.13 

Test 70.75 9.10 361.96 38.44 643.89 4.22 

Error -8.10 3.73 16.37 1.45 -4.668 -2.19 
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Before performing substructure division, it is necessary 

to understand the mechanical properties of each part of the 

global structural model to determine which part will be used 

as the experimental substructure. The nonlinear hysteretic 

behavior of EBFs during seismic events is complex and 

difficult to predict at large drift levels. If only the 

eccentrically braced part of the substructure is selected for 

testing, its boundary conditions will be complex and 

difficult to simulate. To better guarantee the boundary force 

conditions of eccentric braces, considering the spatial global 

effect of the frame structure, a SHST is conducted using the 

one-story frame model as the experimental substructure. In 

addition, the deformation compatibility between the frame 

beam-column with high strength steel and the link with 

common steel during an earthquake can also be observed 

and analyzed. 

 

 

 

As shown in Fig. 8, for the model of the three-story 

prototype structure, a preliminary design analysis shows 

that compared with the first and second stories under 

seismic load, the top-story frame has the tendency to enter 

the plasticity zone first. Thus, when selecting the 

substructure, we take the top-story frame as the 

experimental substructure. The remaining two stories are 

used as the numerical substructure to carry out three-

dimensional numerical modeling in OpenSees. The 

communication between the two substructures is carried out 

by the test beam-column element (Schellenberg et al. 2009) 

established in the OpenFresco test platform. The test 

element is an important module in OpenFresco. It can be 

used to represent the experimental substructure in the 

OpenFresco software system. In this paper, OpenSees 

Navigator (OSN) (Tony and Andreas 2009), a pre-and post- 

 

Link

Beam

Concrete floor

Column

Brace

  

Beam

Column

 
(a) Plan view (b) Elevation view 

Fig. 7 The prototype structure 
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Fig. 8 SHST model 
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processing software for OpenSees, is used to model. 

OpenFresco's test setup module embedded in OSN, so the 

whole modeling process no longer needs to be realized 

using a Tool Command Language, which greatly reduces 

the test threshold and helps to promote the SHST. 

 

3.2.1 Experimental substructure 
The experimental substructure occupies the third story  

 

 

 

 

 

 

of the global structure. The material properties of steel 

obtained by coupon test are shown in Table 9. The test setup 

is shown as the experimental substructure in Fig. 9. The 

column foot and the ground beam are connected by the 

anchor bolts. A 100-t MTS hydraulic servo actuator was 

used for loading as a single particle in SHST. One end of 

the actuator is fixed on the reaction wall and the other end is 

connected with the middle point of the distribution beam  

 

Fig. 9 Test setup of experimental substructure 

LVDTs

Dial indicator

 
(a) Layout of displacement sensor 

21
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14 15

 
(b) Layout of strain gauge 

Fig. 10 Instrumentation arrangement of experimental substructure 

Table 9 Material properties of steel 

Steel 
Thickness 

(mm) 

Yield strength fy 

(MPa） 

Ultimate strength fu 

(MPa) 
Elastic modulus E (105 MPa) 

Elongation δ 

(%) 

Q235 3.01 283.1 397.1 2.14 31.57 

Q235 4.05 271.9 402.1 2.17 31.83 

Q235 8.11 276.7 421.1 2.18 32.18 

Q345 6.04 414.2 542.08 2.11 28.36 

Q345 10.11 362.8 545.60 2.01 28.84 

Q460 8.06 475.1 634.42 2.12 25.38 

Q460 9.97 515.9 691.46 2.06 23.65 
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located at the height of the story. The whole loading process 

is displacement-controlled (with an accuracy of 0.001 mm), 

and the loading step is set to 0.5 s. 

The measurement scheme of the experimental 

substructure is shown in Fig. 10, which mainly includes 

displacement and strain measurements. The lateral 

displacement value of the experimental substructure and the 

rotation value of the shear link are measured by the LVDTs, 

and the displacement of the column foot and the slip of the 

ground beam are measured by a dial indicator. The strain of 

the experimental substructure is measured by resistance 

strain gauges. The strain gauges are arranged at the flange 

of the beam-column joint, brace and shear link section, and 

the strain rosette is arranged at the web of the beam-column 

joint and shear link section. The strain measurement points 

near the shear link only indicate the strain numbers used in 

the subsequent analysis. Considering that the force on the 

shear link section is the largest in the Y-shaped eccentric 

brace, mainly the strain is analyzed herein. 

 

3.2.2 Numerical substructure 
The numerical substructure of the SHST model in this 

section is established based on the modeling study of Y-

HSS-EBFs in Section 2. The concrete floor is assumed to be 

rigid. Force Beam-Column Elements, that can take into 

account the material nonlinearity, are used for the frame 

beams and columns. Truss Elements are used for braces. A 

fiber section is selected as the section type. Using the fiber 

section, the Force Beam-Column Elements can be divided 

along the cross-section into several fine fibers that can take 

the coupling relationship between the axial force and the 

bending moment of the components into account. As shown 

in Fig. 11, during the actual fiber section division process, 

the member is first divided into three parts by the flange 

and web, and then each part is subdivided into smaller 

fibers. According to the research of Du et al. (2012) on the 

sensitivity of fiber section division, the two flanges in the 

fiber section are divided into 5 by 1 fibers and the web is 

divided into 1 by 6 fibers. Steel02 is selected for the 

material, and concrete parameters are taken according to  

 

 

 

 

material coupon test results as shown in Table 9. For the 

simulation of the shear link, shear hinges are located in the 

middle of the shear link using the method of zero-length 

elements combined with elastic elements. All shear 

deformation is concentrated in the hinges. The shear effect 

is simulated by the Steel02 material. The specific settings 

are shown in Table 10. 

 

3.2.3 Communication between substructures 
There are two key problems in SHST modeling: (1) how 

to realize the equivalence between the test element and 

experimental substructure; and (2) how to transform the 

boundary condition between the experimental and 

numerical substructures. 

For problem 1, as the structure mass is mainly 

concentrated on the floor, the smaller beam-column mass 

can be equivalent to the floor position of the model. 

Meanwhile, considering that under the action of one-way 

horizontal earthquakes, the model with few stories produces 

the deformation mainly based on horizontal displacement, 

and the floor is absolutely rigid in its own plane, so only the 

horizontal displacement of the floor is considered as the 

dynamic degree of freedom. Then, a Beam-Column Test 

Element corresponding to the experimental substructure is 

established in the OSN. The bottom node of the test element 

is located in the center of the second floor slab, and the top 

node is located at the third floor. Single-Point Constraints 

are added to test element nodes to restrict their vertical and 

rotation displacements. The mass of the SHST model is 

concentrated at the node position of the story height, and 

the mass matrix is expressed as Eq. (4). The initial stiffness 

matrix Ke (Eq. (5)) of the experimental substructure is 

obtained by small displacement static loading, which is 

input into the definition of the test element as initial 

parameters 

0.00767 0.00767 0 0 0 0

0.00767 0.00767 0 0 0 0 kt

0.00658 0.00658 0 0 0 0

M

 
 


 
  

 
(4) 

 

Table 10 Definition parameter of shear material 

Shear hinge Steel02 1st floor value 2nd floor value 3rd floor value 

Shear force Vy (Eq. (1)) Yield strength fy 78.667 kN 61.382 kN 37.373 kN 

Line stiffness K0 (Eq. (3)) Elastic modulus E 104.209 kN/mm 80.308 kN/mm 45.574 kN/mm 

Strain hardening rate b 0.01 0.01 0.01 

5 by 1 (flange)

5 by 1 (flange)

fiber 

1 by 6 (web)

 

Fig. 11 Fiber section division 
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   11 31.2 kN/mmeK k   (5) 

For problem 2, it has been explained in problem 1 that 

only the horizontal displacement response of the 

experimental substructure is considered. First, the Multi-

Point Constraint command in OpenSees: Equal DOF is 

used to ensure that the horizontal displacement response of 

the experimental substructure and the numerical 

substructure at the boundary is consistent in the SHST 

model by setting a master-slave relationship. Meanwhile, 

the absolute displacement c

id  relative to the foundation is 

calculated by SHST model, whereas the actual experimental 

substructure is fixed on the ground when loading, and the 

displacement applied by the actuator should be the inter-

story drift c

id  of the third story of the model. 

In order to achieve the above command conversion, as 

shown in Fig. 8, it is assumed that during an earthquake, the 

displacement response of each story of the prototype 

structure is  1y ,  2y ,  and 3y  respectively.  In the 

corresponding SHST model, the displacement response of 

the first and second stories of the numerical substructure is 

1y  and 2y  respectively, the displacement response at the 

bottom of the test element is 2y , and the displacement 

response at the top of the test element is 3y . Then, the 

experimental control module in OpenFresco is used to 

convert the command displacement 3

c

id y  calculated by  

 

 

 

 

the test element into relative displacement 3 2

c

id y y    and 

send it to the actuator. The actuator imposes this step 

command to obtain feedback displacement 
f

id  and 

feedback force 
f

iF . Finally, 
f

id  and 
f

iF  are sent back to 

the test element through OpenFresco for further analysis of 

the SHST model. 

 

3.2.4 Loading protocol 
GB5011-2010 stipulates that the acceleration time 

history curve of actual strong earthquake record and 

artificial simulation shall be selected according to the type 

of construction site and the grouping of design earthquake, 

in which the number of actual strong earthquake record 

shall not be less than two-thirds of the total number. The 

average seismic influence coefficient curve of multiple time 

history curves is consistent with that of the mode 

decomposition response spectrum method in a statistical 

sense. According to GB5011-2010, two actual strong 

earthquake records (El Centro wave, Taft wave) and one 

artificial simulation wave (Lanzhou wave) are selected as 

the inputs for the original seismic wave. The acceleration 

response spectrum and average values of the three seismic 

waves are compared with the standard spectrum, as shown 

in Fig. 12. The seismic waves of each level are in the order 

of El Centro, Taft and Lanzhou waves. The specific load 

protocol is shown in Table 11. The acceleration similarity 

ratio is 1.2:1. The stiffness of the substructure is obtained  

Table 11 Sequence of the SHST 

Serial number Earthquake level PGA/g Serial number Earthquake level PGA (g) 

1 Stiffness test - 21 Stiffness test - 

2–4  Frequent 7 0.042 22–24 Seldom 7 0.264 

5 Stiffness test - 25 Stiffness test - 

6–8 Frequent 8 0.084 26–28 Seldom 8 0.480 

9 Stiffness test - 29 Stiffness test - 

10–12 Basic 7 0.120 30–32 Seldom 9 0.744 

13 Stiffness test - 33 Stiffness test - 

14–16 Frequent 9 0.168 34–36 - 1.0 

17 Stiffness test - 37 Stiffness test - 

18–20 Basic 8 0.240    

 

Fig. 12 Acceleration response spectra 
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by small displacement loading at the beginning of the test 

and after the end of each loading stage. Rayleigh damping 

is used for structural damping, 0.045 for frequent 

earthquakes and 0.05 for seldom earthquakes. 

 

 

 

 

3.2.5 Global numerical model of the structure 
A numerical model of the global structure is established, 

which is mainly used to compare the results of the follow-

up SHST. As shown in Fig. 13, the modeling of columns,  

 

Fig. 13 Numerical model of global structure 

   

(a) Peeling of welding seam (b) Rust peel off (c) Residual deformation of shear link 

 
 

 

(d) Crack in welding seam at link 

flange to brace connection 

(e) Welding seam breakage at link 

flange to beam connection 

(f) Partial fracture at link web to 

beam connection 

  

 

(g) Completely torn at link to beam 

connection 

(h) Full fracture of welding seam at 

link flange to brace connection 

 

Fig. 14 SHST phenomena 
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beams, braces and shear links of two stories below are 

consistent with the numerical substructure. The shear 

material parameters of the third story shear link are shown 

in Table 10. 

 

3.2.6 SHST phenomenon 
During the entire test process, the deformation of the 

experimental substructure mainly occurs at the shear link 

section. Under a seldom 7 intensity loading stage (0.264 g), 

the weld peeling (see Fig. 14(a)) and rust peeling (see Fig. 

14(b)) appeared at the connection between the web and 

flange of the shear link section. After the El Centro wave 

with a peak acceleration of 0.480 g, the rust skin shedding 

became more obvious, and a certain extent residual 

deformation of the shear link appeared (see Fig. 14(c)). 

Under the action of the El Centro wave with a seldom 9 

intensity (0.744 g), cracks in welding seams appeared at the 

connection between the shear link and the brace at the south 

side of the model (see Fig. 14(d)), and welding seam 

breakage appeared at the shear link flange to the frame 

beam at the north side (see Fig. 14(e)). After the peak 

ground acceleration reached 1.0 g, there was a partial 

fracture at the link web to beam connection on the south 

side of the specimen (see Fig. 14(f)). The link to beam 

connection on the north side was completely torn (see Fig. 

14(g)), and the flange weld on the brace joint underwent 

almost full fracture (see Fig. 14(h)). 

 

 

 

 

 

 

4. Validation of the SHST model 
 

4.1 Stability analysis of the test platform 
 

Fig. 15 shows the relative error between the feedback 

displacement of the actuator and the command 

displacement of the test element under each loading stage. It 

can be seen that the peak value of the feedback 

displacement is close to the peak value of the command 

displacement in most cases, and the maximum error occurs 

in the negative direction (pull) under the action of the 

Lanzhou wave with frequency 7 intensity (0.042 g), which 

is 5.357%. When the PGA of the seismic wave is small, the 

slight displacement response places higher requirements on 

the loading performance of the actuator, resulting in larger 

relative error. With the peak value of the displacement 

response increases, the relative error first decreases, and 

then gradually stabilizes, which met the loading error limit 

set by the actuator. 

Fig. 16 shows the each step average time difference 

between the actual actuator loading and the planned loading 

under different loading stages. It can be seen that the 

change of peak acceleration of the seismic wave has little 

effect on the loading time difference. All the differences are 

in the range of 21–26 ms. The average value for all loading 

stages is approximately 23 ms, which mainly includes finite 

element simulation analysis, OpenFresco data 

communication, and the approximate loading and 

stabilization process of the actuator. In the non-real-time 

SHST, its influence can be neglected. 

   
(a) El Centro wave (b) Taft wave (c) Lan zhou wave 

Fig. 15 Relative error of peak displacement 

 

Fig. 16 Difference of loading time 
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4.2 SHST model validation 

 

The test analysis results of the SHST model under 

different loading stages are verified by comparing the 

displacement responses of the floors of the SHST model 

and the global numerical model under seldom 8 and seldom 

9 leveling conditions. Among them, the displacement values 

of the first and second stories of the SHST model are 

obtained by numerical substructure analysis, and the 

displacement values of the third story are obtained by the 

displacement sensor of the experimental substructure plus 

the displacement values of the second story. The global 

numerical model is directly obtained using OpenSees 

simulation. From Table 12, it can be seen that the 

experimental results of the SHST model under seismic load 

are basically consistent with those of the global numerical 

model of the whole structure based on OpenSees. The errors 

of individual loading stages under seldom 9 intensity 

conditions exceed 15%. This is mainly due to the obvious 

non-linear seismic response of the structure under seldom 

earthquakes, and the weld fracture occurs in the shear link 

of the experimental substructure, which results in the 

deviation between the overall analysis results of the SHST 

model and the simulation results of the global numerical 

model. 

 

 

 

 

 

 

 

 

 

 

5. Test results of seismic performance 

 

5.1 Overall displacement response 
 

According to the measured displacement of the 

experimental substructure and the analysis of the 

displacements of the numerical substructure, the overall 

maximum roof drifts of the SHST model under different 

loading stages are calculated. As shown in Table 13, it can 

be seen that the response of the model under the Lanzhou 

wave is the smallest, while the results for the El Centro and 

Taft waves are relatively close. Under the action of frequent 

earthquakes, the maximum roof drifts do not differ 

significantly, which indicates that the overall displacement 

response of the structure is small. After seldom 8 intensity 

loading stages, the maximum roof drifts of the whole model 

changed significantly. 

Table 14 shows the maximum inter-story drifts of the 

SHST model under different loading stages. It can be seen 

that the maximum inter-story drift of the model structure is 

1/784 under the action of frequent earthquakes, which 

meets the requirement of the current standard GB 50011-

2010 that the elastic inter-story drift of multi-story and 

high-rise steel structures is less than 1/250. The maximum 

inter-story drift of the model structure under seldom 

earthquakes is 1/105, which is less than the 1/50 limit value 

for elastic-plastic inter-story drift of multi-story and high-

rise steel structures in GB 50011-2010. It shows that the  

Table 12 Comparison of performance indicators 

Seismic 

excitation 

PGA 

(g) 

First floor Second floor Third floor 

SHST 

(mm) 

Global 

numerical 

model (mm) 

Relative 

error (%) 

SHST 

(mm) 

Global 

numerical 

model (mm) 

Relative 

error (%) 

SHST 

(mm) 

Global 

numerical 

model (mm) 

Relative 

error (%) 

El Centro 

wave 

0.480 4.295 3.967 8.268 7.942 7.038 12.831 12.651 11.289 12.066 

0.744 5.623 6.327 -11.140 11.447 12.600 -9.151 20.780 18.086 14.895 

Taft wave 
0.480 4.455 4.246 4.922 8.904 8.982 -0.868 14.982 13.338 12.328 

0.744 5.687 6.508 -12.623 11.754 13.03 -9.792 22.188 19.259 15.209 

Lanzhou 

wave 

0.480 3.159 2.887 9.421 6.896 6.321 9.089 10.704 9.675 10.627 

0.744 3.780 3.301 14.526 8.321 7.143 16.486 15.100 12.987 16.272 

Table 13 Maximum roof drifts of SHST model 

PGA (g) 0.042 0.084 0.120 0.168 0.240 0.264 0.480 0.744 1.0 

El Centro wave 1/2918 1/1827 1/1319 1/1144 1/737 1/705 1/426 1/259 1/199 

Taft wave 1/2727 1/1415 1/989 1/927 1/749 1/645 1/360 1/243 1/173 

Lanzhou wave 1/4923 1/3576 1/2396 1/1721 1/1215 1/1187 1/504 1/357 1/262 

Table 14 Maximum inter-story drifts of SHST model 

PGA (g) 0.042 0.084 0.120 0.168 0.240 0.264 0.480 0.744 1.0 

1st floor 1/2278 1/1193 1/834 1/781 1/629 1/595 1/404 1/296 1/255 

2nd floor 1/2913 1/1895 1/1295 1/1041 1/775 1/634 1/404 1/316 1/258 

3rd floor 1/2307 1/1282 1/896 1/842 1/652 1/630 1/296 1/172 1/105 
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structure can still meet the requirements of deformation 

limitation of the code even though local damage occurs in 

the case of seldom earthquakes. 

 

 

 

 

 

 

5.2 Hysteretic behavior 
 

Fig. 17 shows the base shear-roof drift hysteresis curves 

of the model under different intensity Taft waves, in which 

the base shear is obtained from the sum of the numerical  

   
(a) PGA=0.264 g (b) PGA=0.480 g (c) PGA=0.744 g 

Fig. 17 Hysteretic curves of base shear and roof drift 

   
(a) PGA=0.264 g, first story (b) PGA=0.264 g, second story (c) PGA=0.264 g, third story 

   
(d) PGA=0.480 g, first story (e) PGA=0.480 g, second story (f) PGA=0.480 g, third story 

   
(g) PGA=0.744 g, first story (h) PGA=0.744 g, second story (i) PGA=0.744 g, third story 

Fig. 18 Hysteretic curves of story shear and inter-story drift 
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substructure simulation results and the feedback force of the 

experimental substructure actuator. It can be seen from the 

graph that the model is basically in an elastic state under the 

action of seldom 7 intensity earthquakes. Under seldom 8 

intensity earthquakes, the residual deformation of the model 

appears, and the non-linear characteristics are more 

obvious. After seldom 9 intensity earthquakes, the weld 

seam between the flange of the shear link and that of the 

frame beam fractures, and the model enters into plasticity, 

forming a clear hysteretic loop. 

Fig. 18 shows the story shear-inter story drift hysteresis 

curve of the model under different strengths of the Taft 

wave. It can be seen that the structure of each story is in the 

elastic stage under the seldom 7 intensity loading stage, and 

the hysteretic curve is basically a straight line. The first and 

second stories of the model are still in the elastic stage 

under the seldom 8 intensity loading stage, and the third 

story of the structure has the tendency of entering the plastic 

domain. After the seldom 9 intensity loading stage, the first 

and second stories of the model have a tendency of forming 

hysteretic loops. Due to partial cracking of the shear link 

section, hysteresis loops occur when the structure enters the 

plastic domain, and the obvious trend of stiffness reduction 

can be seen. 

 

5.3 Skeleton curves 
 

A skeleton curve is the envelope of the hysteretic curve 

obtained under different intensity PGAs. It can reflect the 

yield load, ultimate load, and ductility of each story of the  

 

 

 

test model under seismic loading. The skeleton curves of 

the SHST model under different intensities of the Taft wave 

are shown in Fig. 19. Before a seldom 8 intensity loading 

stage, each story of the SHST model is in the elastic stage, 

and the displacement response of each story is similar. 

There is a linear relationship between the inter-story drift 

and the story shear. After the seldom 8 intensity loading 

stage, compared with that of the first and second stories, the 

stiffness of the third story of the SHST model decreases 

more evidently, and the inter-story drift reaches 0.337%. In 

the SHST model, the numerical substructure will return to 

the initial elastic state after each loading condition whereas 

damage accumulation will occur in the experimental 

substructure. Thus, when the SHST model enters the 

elastic-plastic loading stage, the displacement response of 

the third story will change more with an increase in 

earthquake intensity compared with the other two stories. 

This phenomenon is also consistent with the displacement 

response comparison of the SHST model and the global 

numerical model in Section 4.2. 

Table 15 summarizes the key point parameters of the 

skeleton curves and the ductility factors of each story. As 

there is no obvious descending section in the skeleton 

curve, the ultimate point is the peak point of the maximum 

loading stage. All the stories of the SHST model exhibit 

similar yielding displacements. The ductility factor is the 

ratio of the ultimate inter-story drift to the yield inter-story 

drift. It can be observed that the ductility factor of the third 

story of the SHST model reaches 3.205, which indicates 

that the experimental substructure exhibits good ductility in 

the elastic-plastic stage. 

Table 15 Key points of skeleton curves and ductility factor 

Position Loading direction 
Yield point Ultimate point 

Ductility µ = θu / θy 
Drift θy (%) Shear Fy (kN) Drift θu (%) Shear Fu (kN) 

 First story 
Positive 0.308 269.052 0.422 314.172 1.370 

Negative -0.276 -248.364 -0.381 -290.141 1.380 

Second story 
Positive 0.282 198.264 0.407 244.712 1.443 

Negative -0.253 -182.219 -0.371 -224.214 1.466 

Third story 
Positive 0.297 82.745 0.952 135.729 3.205 

Negative -0.276 -81.806 -0.752 -115.211 2.724 

   
(a) First story (b) Second story (c) Third story 

Fig. 19 Skeleton curves 
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5.4 Rotation of the shear link 

 

Fig. 20 shows the relationship between the maximum 

shear link rotation of each story and the maximum inter 

story drift at the corresponding stories under different 

loading stages. It can be seen from the graph that before 

seldom 8 intensity loading stages, the maximum shear link 

rotation and inter story drift basically change linearly in a 

positive proportion, indicating that the model is in an elastic 

state. After the seldom 8 intensity loading stage, the 

stiffness of the whole model degrades due to the plasticity 

of the shear link. Especially when the peak acceleration 

reaches 1.0 g, the slope of the broken line increases 

obviously. From Table 14, it can be seen that the inter-story 

drift of the third story of the model is the largest, so the 

rotation of the shear link of the corresponding story is also 

the largest. Considering the cumulative damage of the third-

story experimental substructure of the SHST model in the 

test process, the shear link rotation changes remarkably 

after the seldom 8 intensity condition. The maximum 

rotation of the shear link is 0.0498 rad after the Taft wave 

with an acceleration of 1.0 g, which is less than the limit 

value of the shear yield link of AISC341-16 (2016) with γp 

≤ 0.08 rad. 

 

5.5 Stiffness degradation of the experimental 
substructure 

 

During the SHST, the lateral stiffness of the 

experimental substructure was measured by the actuator 

under each stage of the loading condition. As shown in Fig. 

21, it can be seen that the stiffness of the model undergoes 

little change compared with the initial stiffness under 

frequent earthquakes, indicating that the structure is still in 

an elastic state, which is basically consistent with the 

experimental phenomena. When the peak value of input 

acceleration reaches 0.480 g, the weld cracks slightly and 

the stiffness of the model decreases significantly. When the 

peak acceleration reaches 1.0 g, the stiffness degradation 

rate of the model reaches 49.1%. At this time, the shear link 

fails almost completely, basically only the high-strength 

steel frame is subjected to seismic force, which also 

conforms to the idea of multi-aspect seismic fortification. 

 

 

 

 
 

 

Fig. 21 Stiffness degradation of experimental 

substructure 
 
 

5.6 Strain analysis of the experimental substructure 

 

Fig. 22 shows the measured strain responses of the 

experimental substructure under the El Centro, Taft, and 

Lanzhou waves. The corresponding strain ε/εy in the figure 

is the ratio of measured strain to yield strain. It can be seen 

that the strain value at the web of the shear link (M 7–M 9) 

is obviously higher than that at the flange (M 10–M 15), 

which indicates that the shear link section is dominated by 
shear deformation, and the strain value at the web of the 

shear link (M 7–M 9) is always greater than that at the 

corresponding beam-column joints (M 1–M 4), which 

conforms to the design idea of this structure. The strain 

value of each measuring point increases steadily and the 

difference is small between the frequent 7 and seldom 7 

intensity loading stages, and the structure is in an elastic 

state at this time (ε/εy ˂ 1). After the seldom 8 intensity 

loading stage, the strain values of the web of the shear link 

(M 7–M 9) exceed the yield strain (ε/εy ˃ 1), which 

indicates that the structure has entered the plastic stage and 

started to dissipate seismic energy. When the peak 

acceleration reaches 1.0 g, the strain value of the measuring 

point 7–9 at the web of the shear link has increased 

significantly. At the same time, it can be seen that the flange 

measuring points 14 and 15 of the shear link here have also 

entered yield due to the maximum force at the link to frame 

beam connection. In the Y-HSS-EBF system in this study, 

high-strength steel (Q460) is used in the frame beam and 
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column, and ordinary steel (Q235) is used in the shear link. 

Therefore, under the action of seismic load, the shear link 

first undergoes plastic deformation and dissipates energy, 

while the frame beam and column can still maintain 

elasticity, thus realizing the purpose of multi-aspect seismic 

fortification. 
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(c) Lanzhou wave 

Fig. 22 Variation of strain of experimental substructure 
 
 
 
 

6. Conclusions 
 

The SHST is an efficient method of performing large-

scale seismic testing of complex structures. In this study, t

he SHST was performed on a half-scale three-story on

e-by-one bay Y-HSS-EBF model. 

The following conclusions can be drawn from this research: 

• The pseudo-static hysteretic analysis of the 

existing test has been successfully simulated by using 

OpenSees. The comparison between the finite element 

results and the test results verifies the validation of the 

numerical model, which indicates that OpenSees can be 

used to establish the numerical substructure model of a Y-

HSS-EBF. 

• The method of using the test beam-column 

element in OpenFresco to model the experimental 

substructure of space frame has been proved to be 

reasonable. The peak value of feedback displacement of the 

actuator is close to the peak value of the command 

displacement of test element. The analysis results of the 

hybrid simulation model are in good agreement with those 

of the numerical model of the global structure. It was shown 

that the SHST based on OpenFresco has good stability and 

accuracy.  

• The maximum inter-story drifts of the SHST 

model under frequent and seldom earthquakes are 1/781 and 

1/105, respectively, which conform to the limits of the 

seismic design code. Before seldom 8 intensity loading 

stages, the story shear, maximum shear link rotation and 

inter-story drift change linearly in proportion. After the 

seldom 8 intensity loading stage, the stiffness of the entire 

model degrades due to the plasticity of the shear link. The 

maximum rotation of the shear link is 0.0498 rad after the 

Taft wave with an acceleration of 1.0 g, which is less than 

the limit value of the shear yield link of AISC341-16 with γp 

≤ 0.08rad. 

• The strain analysis of the experimental 

substructure shows that the shear link section is dominated 

by shear deformation. After the seldom 8 intensity loading 

stage, the strain values of the web of the shear link exceed 

the yield strain, which indicates that the structure has 

entered the plastic stage and started to dissipate seismic 

energy, while the frame beam and column still maintain 

elasticity, thus realizing the purpose of multi-aspect seismic 

fortification. When the peak acceleration reaches 1.0 g, the 

stiffness degradation rate of the experimental substructure 

reaches 49.1%. At this time, the shear link almost 

completely fails, basically only the high-strength steel 

frame is subjected to seismic force. 
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