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ABSTRACT: The basic design idea of centrically braced steel frame is to center the plastic deformation of steel
braced frame on braces during strong ground motions. Braces are expected to have tensile yielding and compressive
buckling to dissipate energy and other structural components are needed to keep elastic. In order to analyze vibration
property of steel frames with different pattern of braces, 12-layers lightweight centrically braced steel frame with
three patterns as X braces, V braces and inverted V braces were designed utilizing PKPM software, providing the
dynamic characteristics of the main components’ size and structure, finite element analyses on these structures were
carried out by using ANSYS and SAP2000 to investigate the effects of brace pattern on structural stiffness; Then
ANSYS was utilized to carry out nonlinear time history analysis of frequent earthquake and rare earthquake under
EL-Centro wave and SHW2 wave, seismic performance of steel frame with different braces has been discussed.
Results show that V braces and inverted V braces are close in improving dynamic characteristic of structures and
more effective than X braces; X braces the displacement and story drift ratio are slightly smaller than those of V
braces and inverted V braces. The analysis results can be used for reference in structure selection for project planner.

KEYWORDS: Centrically braced steel frame; Vibration property; Finite element method; Seismic performance;
Nonlinear time history analysis.

INTRODUCTION

In the structural system of modern architecture, steel braced frame structure with its good performance in all
previous earthquakes, has become an important option for structure design personnel in the building seismic design.
Compared with the bending steel frame structure, the steel braced frame structure is through the supporting axial
tensile and compression to resist lateral loads, and it can make full use of steels’ advantages of high strength,
reducing the steel quantity of the structure effectively. At the same time, the steel braced frame also has the
advantages of short construction period, low carbon with recyclable, meeting the requirement of national housing
industrialization and sustainable development in the future. Based on the characteristics of the above, the steel
braced frame system has been rapid development in the domestic high-rise buildings, and the research on braced
steel frame also has great progress. But compared with America and Japan and other countries owning steel
structure application history for one hundred years, China has space to improve the seismic design and study in steel
structure of multilayer and high rise building. Through learning and absorbing America and Japan and other
countries mature experience in steel structure design, the design and development ability of China's steel structure
can be quickly improved.

For multilayer, high-rise buildings, the braces are set as the main component to resist lateral force of steel frame in
the appropriate placement, layout principle of the frame and size of column grid are the same as the framework
system, the use of partition, gable or other external wall for setting braces can obtain stiffness of lateral force
resistance much bigger than that of framework, can significantly reduce storey displacement of buildings. The
structures of braced steel frame and lateral force resistant system are the same, mainly composed by I-shaped girder,
adopting crossed steel joint pure framework, so nodes are simpler, when in the horizontal, girder column nodes are
steel joint, while in vertical, girder column nodes are hinge joint, the nodes are simple but stiffness for resisting
deflection is not strong [1-2]. According to the different requirements of building height and the lateral force
resistance, concentrically braced frame or eccentric braced frame can be selected. The concentrically braced frame
has the patterns of X, V and inverted V (Λ pattern). This paper has carried out comparative analysis on natural
vibration characteristics and seismic performance of three different braced systems.

CALCULATION AND ANALYSIS
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The Basic Information of Analysis Example

The plane layout of structure is the same, as shown in figure 1, the height of first floor is 4.2m, and the heights of
other floors are all 3.3m, seismic fortification of the building belongs to C-class, fundamental wind pressure is
0.45kN/m2, basic snow pressure is 0.35kN/m2, ground roughness belongs to B-class, seismic intensity is 7 degree,
site soil belongs to III types, the steel of main components choose Q345B. Reinforced concrete floor slabs are
adopted, the floor active load is 2.0kN/m2. The three patterns of concentrically brace are X-brace, V-brace and
inverted v brace (Λ pattern) respectively. Regardless of the east-west lateral force system, the north and south lateral
force system is three trusses. Concentrically Braces are located in①axis,③axis,⑤axis and ⑦axis.

Figure 1. Typical structural floor.

PKPM Calculation

Steel structure design STS in PKPM series software are used to design the structures of three patterns, see square
steel pipe cross section form adopted by frame column in figure 2 (a) , see H pattern cross section adopted by frame
beam, brace and secondary beam of building in figure 2(b). The frame column uses steel joint, due to the symmetry
of brace and structure, so the structure torsion in the plane is not considered. STS is used to analyze the natural
period of structure, see the results in Table 1.

Figure 2. Cross section.

Table 1. Natural period calculated by STS software /s.

Period 1 2 3 4 5 6

X pattern 2.87 0.94 0.91 0.79 0.51 0.34

V pattern 2.83 1.02 0.90 0.86 0.51 0.34

Λ pattern 2.83 0.97 0.90 0.82 0.51 0.34

SAP2000 Software Analysis

The 12-layer analytical models with three patterns of brace have been built by SAP2000, three-dimensional models
of X brace and V brace are as shown in Figure 3.
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Figure 3. SPA2000 analytical models.

Three-dimensional model has considered the geometry of rod element and material nonlinear, assuming the floor
slabs keep the elastic state under the seismic [4-5]. Through the mode analysis, the mode characteristics of three
braces obtained are consistent, the first four order modes of vibration are as shown in figure 4, the first order is
translational motion in the x direction, the second order is translational motion in the y direction, the third order is
torsion mode. The mode characteristics calculated by SAP2000 is in accordance with the results calculated by STS.
See the natural period calculated by SAP2000 software in Table 2.

Figure 4. Vibration mode.

Table 2. Natural period calculated by SAP2000 software /s.

Period 1 2 3 4 5 6

X pattern 3.00 1.01 0.96 0.86 0.54 0.36

V pattern 2.99 1.15 0.97 0.96 0.54 0.36

Λ pattern 2.99 1.06 0.96 0.90 0.54 0.36
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Computational Analysis by ANSYS

When carrying out computational analysis by ANSYS, beam188, three-dimensional finite strain beam element, is
used to simulate the frame beam and frame column and brace, secondary beam adopts link8 rod element because of
not as the key point of research, shell63 is used to simulate concrete floor, additional mass element adopts mass21.
Taking X brace as an example, the finite element analysis model established is shown in Figure 5.

Figure 5. Analytical model of X brace structure by ANSYS.

Total information of three braces model are shown in table 3. Elastic-plastic constitutive relation of steel adopts
BKIN model, it employs Mises yield criterion and kinematic hardening criterion, with two straight lines describing
the stress-strain relations of material. See natural period of structure calculated by ANSYS in Table 4. The vibration
characteristics of structure are in accordance with mode calculated by SAP2000.

Table 3. ANSYS model total information.

Pattern Beam188 Link8 Shell63 Mass21 Total elements Total node

X brace 2164 864 1296 336 4660 1760

V brace 1948 864 1296 336 4444 1661

Λ brace 1948 864 1296 336 4444 1652

Table 4. Natural period calculated by ANSYS /s.

Period 1 2 3 4 5 6

X brace 2.89 1.03 0.95 0.65 0.54 0.370

V brace 2.87 1.16 0.94 0.77 0.54 0.367

Λ brace 2.87 1.10 0.94 0.78 0.54 0.370

THE ANALYSIS OF VIBRATION PROPERTY

Three kinds of software are taken to analyze vibration property of braced steel frame system, and the comparative
results are shown in table 5, the values in table 5 are based on STS calculation result, and ratios of SAP2000 and
ANSYS can be obtained, divided by that of STS. On the whole, the results calculated by three kinds of software are
very close to each other, the maximum difference is14%, appearing between ANSYS result and STS result of V
brace in the second order; from the first order period, the result calculated by STS is in accordance with that of
ANSYS, and result calculated by SAP2000 is much bigger than the former two; The gap between each value is
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within 10%. Therefore, the results calculated by three kinds of software are basically the same, reflecting the
common law in the structural vibration property.

Table 5. Natural period comparison among different software.

Pattern Period/s 1 2 3 4 5 6

X brace

STS 1 1 1 1 1 1

SAP2000 1.05 1.08 1.06 1.09 1.06 1.05

ANSYS 1.01 1.10 1.04 0.82 1.06 1.09

V brace

STS 1 1 1 1 1 1

SAP2000 1.05 1.12 1.08 1.12 1.06 1.05

ANSYS 1.01 1.14 1.04 0.90 1.06 1.09

Λ brace

STS 1 1 1 1 1 1

SAP2000 1.06 1.09 1.06 1.10 1.06 1.05

ANSYS 1.01 1.13 1.04 0.956 1.06 1.09

SEISMIC PERFORMANCE

ANSYS is utilized to carry out time history analysis, and two seismic waves including EL-Centro wave and SHW2
wave are selected to carry out frequent and rare earthquake input, the maximal displacement distribution and the
interlayer displacement angle under different braces have been compared. The peak value of acceleration time
history curve of frequent earthquake takes 55gal, and damping ratio adopts 0.035, while the peak value of
acceleration time history curve of rare earthquake takes 310gal, damping ratio adopts 0.05, the time of earthquake
wave lasts for 30s. Input El-Centro wave under frequent earthquake, time history curve of shear force at the bottom
of the structure takes X brace as example, as shown in figure 6. Maximum displacements of floor under El-Centro
wave of three brace steel frame at the acceleration peak of 55gal is as shown in figure 7. It can be seen that the
displacement of X brace steel-frame structure is less than V brace and inverted V brace, while the maximum
displacement of V brace and inverted V brace is basically the same. In addition, the displacement distribution rule of
three braces under SHW2 wave is similar to that of El-Centro, namely, V brace and inverted V brace, the maximal
displacement of floor are consistent [6-8].

Figure 6. Displacement time history under frequent El-Centro.
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Figure 7.Maximum displacements under frequent earthquake.

The maximum story drift ratio under frequent earthquake and rare earthquake are as shown in figure 8 and figure 9.
Under SHW2 wave and frequent earthquake, the maximum story drift ratio of X brace building is 1/654; while that
of V brace is 1/522; and that of inverted V is 1/537. Story drift ratio of three braces under frequent earthquake all
conform to the requirement of high-rise steel structure less than 1/250 ruled in <code of seismic design of
buildings>.

Figure 8. Story drift ratio under frequent earthquake.

Figure 9. Story drift ratio under rare earthquake.
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CONCLUSION

Three kinds of software have been used to analyze vibration property of braced steel frame, and ANSYS finite
element software has also been used to carry out time history analysis of three braces. The main conclusions were
summarized as follows:

(1) The consistency of result calculated by three kinds of software suggests that SAP2000 and ANSYS finite
element analysis model established in this paper is feasible and reasonable, and the computed result can reflect
general rules of vibration property of different braced steel frame structure.

(2) The vibration characteristics of three braces are consistent, the first two order modes of vibration are
translational motions in the x direction and the y direction, the third order is torsion mode, and the ratio of the first
order period and translation period is 0.32, the layout rules of application structure are symmetry, so the torsion
effect is not obvious, however, the high order vibration mode can reflect local vibration characteristics of floor.

(3) The stiffness contributions of X brace to structure are slightly smaller than those of V brace and inverted V; the
first order period of V brace and inverted V brace are consistent, suggesting the effect of two braces same with each
other.

(4) The displacement and story drift ratio of X brace are all smaller than those of V brace and inverted V brace.

(5) The braced steel frame will appear plastic deformation inevitably under strong shocks, and in the actual design
this failure mode shall be considered, and in the design of frame beam and frame column, the process of checking
plastic bearing capacity shall be increased.

(6) The three braces of steel-frame structure are all meet seismic fortification criterions of China’s current seismic
code, which are no damage in small earthquake and no collapsing in strong earthquake, and it shows that structural
seismic performance of the three supporting forms is good.
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