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Abstract: In order to study the impact of brace slenderness ratio on the seismic performance of frame-braced 

structural systems, the finite element models of eccentrically braced and centrally braced steel frames were 

established using ABAQUS/Standard analysis method based on pseudo-static tests of eccentrically braced steel 

frames. The seismic performance of the two structures under different slenderness ratios was analyzed. The 

results show that the seismic resistance of frames with a small slenderness ratio of braces is generally better, and 

the change in slenderness ratio has a more significant impact on the seismic resistance of central braced 

structures; The gradual decrease in the slenderness ratio of the brace has a negligible impact on the ultimate 

bearing capacity, hysteretic performance, and energy consumption of eccentrically braced structures. However, 

a significant impact on ductility and initial stiffness will accelerate the degradation rate of the initial stiffness of 

the structure. A decrease in the brace slenderness ratio of a centrally braceed structure will increase the ultimate 

bearing capacity, hysteretic performance, initial stiffness, and ductility of the structure, with a ratio of 1:1 

between the slenderness ratio reduction rate and the initial stiffness increase rate; However, if the slenderness 

ratio is too small, it will lead to excessive brace, leading to early failure of beams and columns. Considering the 

structure's material properties and seismic performance, it recommended taking 61.61<λ<100. 

Keywords: slenderness ratio; frame-braced structure; Stress characteristics; seismic performance 

 

1. Introduction 

Inclined braces are installed between pure steel frame columns to form an effective anti-lateral 

displacement structure, namely, a frame-brace structure system. Brace and framework cooperatively to effectively 

improve the lateral stiffness of the structure and thereby control the structure's lateral deformation, which can 

divide into two types: central brace and eccentric brace. The former dissipates energy by setting diagonal braces to 

make it buckle, allowing the structure to have greater lateral stiffness and bearing capacity; The latter consumes 

seismic energy by subjecting the energy-dissipating beam segment to shear buckling prior to the same beam 

segment. Although the failure mechanisms of the two structural systems are different, braces are important 

load-bearing components, and their slenderness ratio impacts the structure's seismic performance. 

Lou Yu studied the seismic performance of steel frame K-shaped braced structures through pseudo-static 

tests and found that diagonal braces, vertical rods, and beams and columns yield in turn. Among them, diagonal 

braces are the main energy dissipation components, which can improve the structure's seismic performance[1]. 

Yang Junfang conducted static pushover tests and numerical simulations to study the seismic performance of 

centrally braced steel frames. The results show that compression buckling of braces can reduce the lateral stiffness 

of the structure. However, the decrease in horizontal bearing capacity is insignificant, and the structure still has 
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good ductility[2]. Sun Yuezhou studied the impact of the brace slenderness ratio limit on the mechanical 

performance of the structure. They found that increasing the brace slenderness ratio under the same 

cross-sectional area can improve the brace's fatigue life and reduce the structure's interlayer deformation[3]. 

CuiYao, through pseudo-static tests of centrally braced frames with different beam-column connections, found 

that when the column stiffness is weak, the brace cannot fully play its role, resulting in a decrease in the lateral 

stiffness of the structure; When box columns used, the joint plates at the column ends are prone to local damage 

and the horizontal bearing capacity reduced[4]. Tremblay conducted hysteretic performance tests on 76 steel 

brace specimens, respectively studying the effects of specimen width-thickness ratio, end restraint, and 

slenderness ratio on the hysteretic performance of the center brace[5]. Jouneghani analyzed the seismic 

performance of elliptically braced frames through pseudo-static tests and numerical simulations. The tests show 

that elliptically braced frames exhibit good hysteretic performance, strength, ductility, and energy dissipation[6]. 

Mohammed analyzed the impact of semi-rigid beam-to-column connections on the performance of frames after 

buckling through numerical simulation and found that compared to unbraced frames, the load-displacement curve 

of braceed frames is less affected by the stiffness of beam-to-column connections[7]. Rai proposed that during 

brace design, it is necessary to control the width-thickness ratio limit and amplify the slenderness ratio limit so that 

the local buckling of the brace does not precede the overall buckling, to avoid premature failure of beams and 

columns caused by excessive brace[8]. Other scholars and specifications[9]-[17]have also provided suggestions 

on the limit value of the brace slenderness ratio. 

Based on comparative tests, this paper analyzes a series of models using the same finite element method to 

study the effect of the slenderness ratio of braces on the mechanical properties of steel frames in different 

structural systems. 

 

2. Test 

2.1 Specimen design 

The research group completed a 1:2 scale K-type eccentrically braced steel frame quasi-static test[18]. The 

span between the columns is 3000 mm, the height is 1800 mm, and the length of the energy-consuming beam 

section is 600 mm. All the members are hot-rolled H-type, and the section size of the members show in table.1. 

The weld connection is used at each node of the specimen, as shown in Figure.1. 

Tab.1 Section size and material 

Component type Section size/mm Material 

Column HW200×200×8×12 Q345B 

Beam HN250×125×6×9 Q345B 

Brace HN250×125×6×9 Q235B 

Energy dissipation beam HW125×125×6.5×9 Q235B 

600966 966134134
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Fig.1 Dimension of specimens (unit: mm) 

2.2 Loading process 

At the initial stage of the test, an axial load of 200kN was applied to the column top, and then a horizontal 

reciprocating load was applied to the beam end, as shown in Figure.2. 

 
Fig. 2 Loading device 

 

According to the test standard[19], the load-displacement mixed loading system is adopted. Firstly, cyclic 

loading is started by load control, which is increased step by step until the yield strain occurs. The yield 

displacement is Δy, and the yield force is Fy. Converting into displacement control, an integer multiple of Δy 

gradually increases the load. Each stage is cycled three times until the load drops to 85% of the maximum bearing 

capacity or the specimen fails to stop the test. The loading system is shown in Figure.3. 
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Fig. 3 Loading system 

2.3 Test results 

Test load to Δ1, the lower flange at the left end of the energy dissipation beam yielded first, and no 

significant changes were found in the overall frame. No Δ5, Δ6, Δ7, the flange web of the energy dissipation beam 

has successively buckled and gradually intensified. Stay Δ The upper part of the 8th stage web is torn Δ. The crack 

pulled out from the original upper end of the Level 9 web continued to expand, while a crack was also torn out in 

the middle of the web. After the test, the component damage is shown in Figure.4. 
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Fig. 4 Failure mode 

 

3. Finite element analysis 

3.1 Model Design Overview 

By changing the slenderness ratio of the frame brace system and braces, a series of finite element models 

were established to study the impact of braces on the seismic performance of steel frames, as shown in Table.2. In 

order to ensure the accuracy of the analysis and reduce the error of comparison, except for the change in the size of 

the brace section, the dimensions of other components should be consistent with the structural span. 

Tab. 2 Material properties of steel 

Model Number Brace Slenderness ratio 

EBF-60 60×3.0 69.57 

EBF-80 80×4.0 52.48 

EBF-100 100×5.0 41.85 

EBF-125 125×125×6.5×9 30.04 

CBF-40 40×2.0 109.70 

CBF-60 60×3.0 73.16 

CBF-70 70×3.5 62.83 

CBF-80 80×4.0 55.05 

CBF-100 100×5.0 44.01 

EBF-Eccentrically beace frame CBF-Center brace frame 

 

3.2 Material Constitutive and Boundary Conditions 

The material properties of steel in the finite element model are based on the results of the actual 

stress-strain parameters of steel measured by the material property test [20]. The results are shown in Table.3. In 

the analysis process, the model follows the Mises yield criterion, adopts a multilinear follow-up hardening 

(KINH) material constitutive model, and considers the Bauschinger effect. The model components are all built 

using shell elements (S4R), and mesh refinement is performed in the node region; The connection between 

component nodes mainly adopts the Tie method; According to the direction of the three-dimensional coordinate 

axis, limiting the out-of-plane instability of the entire frame beam with U3=0,The column base adopts rational 

consolidation to constrain six degrees of freedom; Apply axial force on the top of the columns on both sides in a 

coupling manner, and apply a leveling force at the position where the column surface is flush with the upper and 

lower flanges of the beam, as shown in Figure.5. 
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Tab. 3 Steel material properties 

Component h/mm 𝑓𝑦 /MPa 𝑓𝑢 /MPa E/GPa δ/% 

Beam 
6 367 533.5 210 24.4 

9 352.3 531 210 25.5 

Column 
8 346 543.5 219 25.1 

12 341.7 530 220 28.8 

Beam 
6 361.6 453 211 31.6 

9 286 457.6 207 26.2 

Energy dissipation 

beam 

6.5 270 445 206 33.4 

9 273.8 440.6 210 31.2 

(F=200kN)RF-1 (F=200kN) RF-2

（Load Point）
RF-3

U3=0

U1=U2=U3=0
UR1=UR2=UR3=0

U1=U2=U3=0
UR1=UR2=UR3=0  

(a) Eccentrically beace frame 

(F=200kN)RF-1 (F=200kN) RF-2

（Load Point）
RF-3

U3=0

U1=U2=U3=0
UR1=UR2=UR3=0

U1=U2=U3=0
UR1=UR2=UR3=0  

(b) Center brace frame 

Fig. 5 Finite element model 

 

3.3 Comparative finite element analysis 

Figure.6 and Figure.7 show the hysteretic and skeleton curves obtained from the experimental BASE and 

finite element EBF-125 model analysis, respectively. The two curves are consistent. The main reason for the 

difference between the two is that adopting limit measures in the test cannot eliminate the phenomenon of 

out-of-plane displacement but can completely limit the out-of-plane lateral displacement of the structure in the 

finite element analysis; The test component has initial defects that cannot fully guarantee the uniformity of the 

material, and the material properties of the finite element model do not consider initial defects; During the test 

loading process, there is a certain sliding phenomenon at the column base, and the bottom of the column base in 

the finite element model can be fully consolidated. The final failure pattern is shown in Figure8, which is 

consistent with the test and is a shear failure. 
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Fig. 6 Hysteresis curve comparison 
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Fig. 7 Skeleton curve comparison 

 
Fig. 8 Failure mode 

 

4. Seismic performance analysis 

4.1 Hysteresis curve 

The hysteretic curve of the specimen is obtained using the above finite element analysis method, as 

shown in Figure.9. The analysis results show that each eccentrically braced frame model is at 6Δ. When the 

forward load reaches the maximum value, The failure mode is that the forward load drops below 85% of the 

maximum forward value, reaching the failure condition. However, although the BEF-60 meets the destruction 

conditions, at 4Δ, The brace began to buckle locally. Then the brace's buckling gradually intensified without 

damaging its energy dissipation beam segment. Comparative analysis of BEF-80, BEF-100, and BEF-125 shows 

that the hysteretic curve is relatively plump, and the maximum values of positive and negative loads are 

consistent. Shear failure occurs in all energy-dissipating beam segments. Compared with the hysteretic curve of 

the frame after replacing the brace, there is no significant decrease in the hysteretic performance. 

Comparing the five centrally braced frame models with each other, it was found that with the decrease in 
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the slenderness ratio of the brace, the area of the hysteretic curve gradually increased, and the shapes were all 

shuttle-shaped, relatively plump, showing good energy dissipation capacity. Among them, CBF-40 has the 

smallest hysteretic area and the worst hysteretic performance due to premature out-of-plane instability of the 

brace; Compared with CBF-60, CBF-70, CBF-80, and CBF-100, it is found that the hysteretic performance 

gradually increases, and its positive and negative yield capacity, ultimate bearing capacity, and brace failure 

displacement gradually increase. 
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Fig. 9 Hysteresis curve of each mode 

 

4.2 Skeleton curve 

The skeleton curve reflects the different stages and characteristics of the component's stress and 

deformation. From Figure.10(a), it can be seen that in the elastic section, the slope values of the skeleton curves 

EBF-80, EBF-100, EBF-125, and BASE are the same, all slightly greater than EBF-60; In the same Δ The 

difference between the positive and negative ultimate bearing capacities is slight, and the displacements 

corresponding to the maximum bearing capacity of the model are all within 6Δ, The positive and negative 

bearing capacities of EBF-60 are both smaller than the test bearing capacity, which is due to the large 

slenderness ratio leading to premature instability of the brace. 

Figure.10(b) shows that the skeleton curve has good symmetry in the positive and negative directions. 

The slope values of the elastic segments of CBF-40, CBF-60, CBF-70, CBF-80, and CBF-100 increase in turn, 

and the bearing capacity of the specimen exhibits a linear relationship with displacement; As the slenderness 

ratio of the brace decreases, the displacement corresponding to the maximum bearing capacity of the model 

gradually advances; In the same Δ, The positive and negative ultimate bearing capacities increase in turn and 

both decrease, with the CBF-80 bearing capacity decreasing the fastest. 

-36 -27 -18 -9 0 9 18 27 36

-880

-660

-440

-220

0

220

440

660

880

F
/k

N

D/mm

 EBF-60

 EBF-80

 EBF-100

 EBF-125

 BASE

 
（a）Eccentrically beace frame 
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（b）Center brace frame 

Fig. 10 Skeleton curve 

 

4.3 Energy consumption 

The energy dissipation capacity of the structure is measured by the cumulative energy dissipation W, the 

energy dissipation coefficient E, and the equivalent viscous damping coefficient he. From the analysis in 

Figure.11, it can be seen that: (1) Eccentric brace and central brace follow the Δ As the level increases, the 

cumulative energy consumption of each model shows a gradually increasing trend; (2) Eccentric brace is the 

same as central brace Δ Under the hierarchy, the cumulative energy consumption of models with small 

slenderness ratios is greater than that of models with large slenderness ratios. (3) In the same Δ Under grade 

comparison, the energy consumption growth trend of each curve of the eccentric brace in the early stage is 

relatively uniform. From 6Δ, The growth trend of energy consumption gradually slows down after this stage. At 

the same time, the EBF-60 has lower energy consumption due to the unstable brace. 

The overall growth trend of each curve of the central brace from the 4Δ level is more uniform because 

the brace provides the main energy dissipation of the frame from this stage. From the analysis of Figure.12, it is 

found that EBF-60 has the smallest E and he coefficients due to the instability of the brace, and the remaining 

energy dissipation coefficients E and equivalent viscous damping coefficients he is the same for each 

eccentrically braced model. From this, it can be seen that the Eccentric Braced Frame has no significant change 

in E, he with the decrease of the brace length to slenderness ratio under the satisfaction of the damage 

mechanism. The dissipation coefficient E and equivalent viscous damping coefficient he of the centrally braceed 

frame increase with the decrease of the brace length/slenderness ratio. The dissipation coefficients E of CBF-60, 

CBF-70, CBF-80, and CBF-100 increase by 2.47%, 5.29%, 9.21%, and 10.40% respectively compared to 

CBF-40, and the damping coefficients he increase by 3.22%, 6.45%, 12.90%, and 16.13% respectively 

compared to CBF-40. 

In general, the energy dissipation capacity of frames with small slenderness ratios of braces is better than 

that of frames with large slenderness ratios of braces. However, the impact on central braced structures is more 

obvious. 
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Fig. 11 Cumulative energy consumption curve 
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Fig. 12 Comparison of energy consumption capacity 
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4.4 Stiffness analysis 

Stiffness degradation reflects how structural stiffness is damaged in resisting earthquakes. In this paper, 

secant stiffness is used to evaluate the stiffness degradation of the structure, and the lateral stiffness Ki: 

𝐾𝑖 =
 +𝐹𝑖 +  −𝐹𝑖 

 +∆𝑖 +  −∆𝑖 
#(1)  

Fi represents the peak load corresponding to the i-level loading point, ∆i represents the peak displacement 

corresponding to the i-level loading point, and the positive and negative signs represent the loading direction. 

From Figure.13(a), it can be seen that the stiffness values of each curve are in the top 3Δ. The significant 

difference indicates that the smaller the slenderness ratio of the brace, the greater the initial stiffness of the 

frame. Except for the out-of-plane instability of the EBF-60 brace, other models gradually tend to follow a curve 

with the increase of the loading level but still have stiffness when the component fails. As shown in Table. 5, the 

minimum initial stiffness value of EBF-60 is 62.9kN/mm, the failure stiffness value is 20.10kN/mm, and the 

maximum initial stiffness value of EBF-125 is 103.89kN/mm, the failure stiffness value is 23.17kN/mm, which 

is 39.46% higher than the initial stiffness value. However, the EBF-125 stiffness degradation rate is faster. In the 

failure state, EBF-60 decreases to 31.96% of the initial stiffness, and EBF-125 decreases to 22.30%. It can be 

seen that the difference in the slenderness ratio of the brace has a significant impact on the initial stiffness and 

early stiffness degradation rate of the eccentric brace. 

Figure.13(b) shows that the stiffness degradation curves of the five specimens do not exhibit significant 

abrupt changes, and the degradation trend is relatively uniform. The smaller the slenderness ratio of the brace, 

the greater its initial stiffness, and conversely, the faster the stiffness degradation rate Δ It is obvious. However, 

the component still has stiffness when it is damaged. The stiffness degradation curve of the specimen with a 

small brace slenderness ratio is always higher than that of the specimen with an extensive brace slenderness 

ratio, but with Δ. The curve tends to flatten with the increase, and the gap gradually decreases. From Table.5, it 

can be seen that the slenderness ratios of the five central braces decreased by 33.3%, 14.2%, 12.4%, and 20.1% 

in turn, and the initial stiffness values of the structure increased by 32.7%, 14.8%, 12.6%, and 19.0% in turn, in 

an inverse relationship. The degree of stiffness degradation was 75.29%, 79.96%, 81.98%, 83.04%, and 81.20%, 

respectively. The decrease in stiffness degradation of CBF-100 is mainly due to the minimal slenderness ratio of 

the brace, which leads to excessive brace strength, premature local buckling at the column base, and poor brace 

performance. 
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Fig. 13 Stiffness degradation 

 

Tab. 5 Material properties of steel 

Model initial stiffness residual stiffness ratio of residual stiffness 

EBF-60 62.90 20.10 31.96 

EBF-80 77.82 22.46 28.86 

EBF-100 87.95 22.53 25.62 

EBF-125 103.89 23.17 22.30 

BASE 90.49 27.00 29.84 

CBF-40 64.14 15.85 24.71 

CBF-60 95.33 19.10 20.04 

CBF-70 111.92 20.17 18.02 

CBF-80 128.16 21.73 16.96 

CBF-100 157.96 29.70 18.80 

 

4.5 Ductility 

Ductility reflects whether a structure has sufficient plastic deformation to dissipate seismic energy. In this 

paper, the "equivalent elastic stiffness method" is used to determine the yield displacement of the frame Δy and 

yield load Fy; The displacement when the load decreases to 85% of the peak load is the ultimate displacement 

Δu. The displacement ductility coefficient of its frame is: 

𝜇 =
𝛥𝑢

𝛥𝑦

# 2  

Table.7 shows that as the slenderness ratio of the brace decreases, the yield displacement of the eccentric 

brace Δy gradually decreases, with a sequential difference of about 11% for each model. EBF-60's Δy max, 

EBF-125's Δy is the smallest, while the displacement ductility coefficient gradually increases from 0.4~0.6, 

enhancing the structural deformation performance gradually. The yield load, Fy, of models EBF-80, EBF-100, 

and EBF-125 gradually decreased by about 3.8%, while the main reason for the minimal yield load Fy of 

EBF-60 was the instability failure of the brace. 

The yield displacement Δy of the five central brace frames decreases first and then increases. The Δy of 

CBF-40 is the largest, and the Δy of CBF-80 is the smallest, with a difference of 25.8%.The yield load Fy 

gradually increases when λ< 61.61, Fy increased significantly, with the most significant difference between 

CBF-80 and CBF-100, at 29.4%. When λ> 100, that is, the Fy of the CBF-40 drops to a minimum of 64.3% of 

the maximum value. Mainly because: when λ≥100, the central brace rod belongs to a large flexibility rod, and 
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the intermediate region of the brace is prone to out-of-plane instability damage (Fig.14(a)); When 61.61<λ<100, 

the central brace rod belongs to a medium flexibility rod, and the entire brace has a failure phenomenon of 

central region section buckling and both ends section depression, without significant instability (Fig.14(b)); 

When λ≤61.61, the central brace rod belongs to a small flexibility rod, resulting in excessive rigidity of the 

brace, causing severe distortion of the brace at the node plate connection, warping of the beam-column flange, 

and bulging of the beam-column web (Fig.14(c)). 

From the perspective of the failure phenomenon, the brace stiffness gradually increases with the decrease 

in slenderness ratio, resulting in a decrease in yield displacement, an increase in yield load, and an increase in 

displacement ductility coefficient. The yield displacement of CBF-100 increases, and the displacement ductility 

coefficient decreases, mainly because the brace is too strong and rigid, damaging the beam and column. 

 

Tab. 6 Material properties of steel 

Model Δy/mm Δu/mm Fy/kN Fu/kN μ 

EBF-60 9.48 21.36 493.59 598.58 2.25 

EBF-80 8.42 24.03 541.35 657.60 2.85 

EBF-100 7.37 24.03 521.54 649.83 3.26 

EBF-125 6.22 24.03 506.62 648.14 3.86 

CBF-40 8.08 16.08 323.91 518.55 1.99 

CBF-60 6.58 18.76 439.40 611.53 2.85 

CBF-70 6.21 24.12 530.08 620.55 3.88 

CBF-80 5.99 26.80 640.63 662.56 4.47 

CBF-100 6.45 32.04 906.49 931.38 4.97 

 

Fig.14(a) CBF-40 

 

Fig.14(b) CBF-80 
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Fig.14(c) CBF-100 

Fig. 14 Failure modes of braces with different slenderness ratios 

 

5. Conclusion 

Based on experiments, this paper compares the impact of the slenderness ratio of braces on the seismic 

performance of different frame brace structure systems through nonlinear numerical simulation and obtains the 

following conclusions: 

1) The numerical results are in good agreement with the experimental results, indicating the reliability of 

using numerical simulation to analyze the structure's seismic performance. 

2) Compared to eccentrically braced structures, the change in slenderness ratio has a more significant impact 

on the seismic resistance of centrally braced structures. 

3) For eccentrically braced structures, excessive slenderness ratios can lead to weaker brace stability and 

subsequent instability of the brace. The energy dissipation beam segment does not exhibit damage, which 

is not consistent with its failure mechanism; The gradual decrease in slenderness ratio mainly improves the 

ductility and initial stiffness of the structure but will accelerate the degradation rate of the initial stiffness of 

the structure. 

4) With the brace's slenderness ratio decrease, the hysteretic performance, ultimate bearing capacity, energy 

dissipation, initial stiffness, and ductility of the centrally braceed structural system will increase. However, 

if the slenderness ratio is too small, the brace will be too strong to cause the beam and column to fail first, 

which is not consistent with its failure mechanism; The decrease rate of the slenderness ratio is 

proportional to the increase rate of initial stiffness of the structure in a 1:1 ratio, which will lead to a 

significantly faster rate of stiffness degradation in the early stage; Considering the material properties, 

failure modes, and seismic performance of the structure, it recommended to take 61.61<λ<100。 
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