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To clarify the mechanical properties of the U-shaped steel damper under tension and compression along the opening direction and the energy dissipation mechanism in the energy dissipation system, a mechanical model was established to describe the plastic failure response of the damper, and the formula for theoretical calculation of its mechanical properties was derived. Using the straight line segment length, radius of circular arc, and opening direction as parameters for testing four specimens, through the design of reasonable pulling and pressing fixture, four specimens were tested for tension and compression. The initial stiffness and yield load test results and theoretical analysis were good and verified that the opening direction of the U-shaped steel damper affected its mechanical performance. Further analysis of the U-shaped steel damper’s mechanical properties using numerical finite element analysis of the arc radius and the straight line segment length, width and thickness in relation to the initial stiffness shows that increasing the straight section length and end arc radius can reduce initial stiffness, and increase the thickness and width can increase initial stiffness.
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INTRODUCTION
As one of the common types of dampers, steel damper was first proposed by Kelly et al. (1972) and Skinner et al. (1974), and then many scholars (Whittaker et al., 1991; Ricky Chan and Albermani, 2007; Lee et al., 2015; Xing and Guo, 2003; Wang, 2015; Yin et al., 2016; Huo et al., 2016; Qu et al., 2017) studied and improved various types of steel dampers. Among them, the U-shaped steel damper is a typical representative of the first generation of steel dampers. It is widely used in the vibration damping design of simple structures because of its simple structure, good energy dissipation performance, and low cost. The construction of the U-shaped steel damper and its possible deformation mode are shown in Figure 1.
[image: Figure 1]FIGURE 1 | U-shaped steel damper.
Deformation mode A: the upper and lower linear platform sections are relatively moved in the x-direction. Li and Yao (1991), Yao (1997) studied the strength, stiffness, and dissipation performance of the U-shaped steel damper in the isolation device under low cyclic load. Zhao et al. (2017) proposed the expression of the mechanical properties of a U-shaped steel damper under a horizontal load. The mechanical model showed the mechanical properties of a U-shaped steel damper under a single load component. Based on the collected test data of 17 U-shaped steel dampers, Chong et al. (2015) summarized the design expressions of the initial stiffness and yield load of the damper and proposed a fine finite element analysis method.
Deformation mode B: the upper and lower linear platform sections have relative torsion in the z-direction. Deng et al. (2015) studied the mechanical properties of a U-shaped steel damper when it was subjected to torsional deformation under a lateral load outside the plane. Du et al. (2014), Du et al. (2016a), Du et al. (2016b), Han et al. (2016) conducted an experimental study on the influence of material hardness, constraint, and other factors on the mechanical properties and shock absorption and energy dissipation characteristics of the U-shaped steel damper and conducted theoretical and experimental research on the torsional deformation properties of the U-shaped steel damper of 65[image: image] and proposed the design expressions of the initial torsional stiffness of the damper.
A + B combined deformation mode: the upper and lower linear platform sections are relatively pulled and compressed in the y-direction. Jiao et al. (2015) and Enel et al. (2016) studied the mechanical properties of the U-shaped steel damper in isolation structures under bidirectional loads and confirmed that its energy dissipation properties were degraded under bidirectional loads. Through finite element analysis, Atasever et al. (2017) considered the mechanical response of the U-shaped steel damper under three working conditions of load input direction of 0°, 45°, and 90°.
A large number of studies show that the U-shaped metal damper has good energy dissipation performance, which can meet the requirements of structural response control parameters. However, due to the introduction of empirical coefficient based on the test results, the mechanical property expression lacks fine model and can not describe the plastic failure mechanism of the U-shaped steel dampers. At the same time, the mechanical properties of deformation mode C along the opening direction are seldom studied. In this paper, the U-type damper is taken as the research object, and two mechanical models of the U-shaped damper are established according to the different opening orientations of the damper. The mechanical properties of the U- shaped damper under the deformation mode C along the opening direction are studied, and the hysteretic properties and parameter sensitivity of the damper are analyzed.
STIFFNESS OF A U-DAMPER
Two U-damper mechanical models are considered: Model I (Figure 2) and Model II (Figure 3). As depicted in Figure 2A, the U-damper includes straight-line (length: l0) parts and a semi-circle (radius, r) part. Photo 3 shows that the fixed condition of the top end of the U-damper can be realized using the stiffening plate at the high-strength bolted connection.
[image: Figure 2]FIGURE 2 | Force by unit displacement at the member end for Model I. (A) Mechanical model, (B) force by unit vertical displacement and (C) force by unit rotation angle.
[image: Figure 3]FIGURE 3 | Force by unit displacement at the member end for Model II. (A) Load and boundary conditions. (B) Modification of the mechanical model.
Force and Displacement Relation for Model I
As depicted in Figure 2A, the shear force and bending moment at the node of the free end are denoted as Qi and Mi; the displacement and rotation angles are denoted as u and θ. The positive directions of forces and displacements are depicted in the figure. The horizontal node displacement is not considered.
k1, k3
In Figure 2B, load k1 and k3 moment k3 under the unit vertical displacement are calculable using the following equations obtained using the unit-load method.
[image: image]
[image: image]
From Eq. 1 and Eq. 2, k1 and k3 can be derived respectively as:
[image: image]
[image: image]
k2,k4
In Figure 2C, in which the U-damper is subjected to unit rotation angle at the free end, k2 and k4 can be derived using the method explained above:
[image: image]
[image: image]
Stiffness Matrix
Form Eqs 1–6, the force and displacement relation of the member end can be expressed as:
[image: image]
Force and Displacement Relation for Model II
Using the same method used for Model I, the member free end force and displacement relation for Model II, as portrayed in Figure 3, are obtainable as:
[image: image]
UNIDIRECTIONAL TENSION-COMPRESSION TEST OF THE DAMPER
Test Specimens
According to the different opening directions, the specimens of the U-shaped steel damper tension-compression test are divided into two groups: A and B. The two groups of specimens are made of SNB400. The specimens are composed of a connecting plate clamp, a U-shaped damper, a movable hinge device, and a filling plate, and a U-type damping and connecting plate are connected by high-strength bolts. The specific structure of the specimens and the U-type damping is shown in Figures 4, 5. The thickness of the connecting plate [image: image] and the thickness [image: image] of the U-type damping are both 9 mm, the distance L from the hinge constraint point to the hole center is both 240 mm, the radius of the circular arc part of the damping part of group A specimen R is 40 mm, and the length of the straight line segment L0 is 30 mm. According to the material property test, the yield strength obtained is 294 MPa. The radius of the damped circular arc part of the specimen in Group B is 64 mm, and the length of the straight line segment is 40 mm. The yield strength obtained from the material property test is 306 MPa.
[image: Figure 4]FIGURE 4 | U-shaped damper.
[image: Figure 5]FIGURE 5 | Specimen structure.
Mechanical Properties of Specimens
This section combines the U-shaped steel damper and the test fixture as the research object to analyze the mechanical properties of the U-shaped steel damper during tension and compression. It analyzes the mechanical properties of the U-shaped steel damper according to the mechanical properties expression of the U-shaped steel damper derived in Force and displacement relation for Model I.
With a monomer U-shaped steel damper as the research object, a U-shaped steel damper with a hinged connection of two steel plates together and a connection plate assumption for the rigid plate only consider the U-shaped steel damper end vertical deformation influence on stiffness, without considering the horizontal deformation according to the mechanical model is deduced. Mechanical Model I and Mechanical Model II were established for the U-shaped steel damper specimens with different opening directions, as shown in Figure 6. To distinguish the difference when the bending deformation of the connecting plate is considered, the mechanical models of the U-shaped steel damper device with the connecting plate as a rigid plate are collectively referred to as the R model.
[image: Figure 6]FIGURE 6 | The mechanical model of the specimen with the connecting plate as the rigid plate (R model). (A) R–I, (B) R–II.
Mechanical Model of R-I
As shown in Figure 6A , one end of the U-shaped steel damper is engaged with the rigid plate at node 2, and the in-plane hinge constraint is carried out at node 4. At the same time, there is vertical load P and vertical displacement at rigid plate joint 1. The corresponding U-shaped steel damper has vertical load-displacement V, bending moment M, and rotation angle at node 2. Table 1 shows the free end load value of the U-shaped steel damper specimen.
TABLE 1 | Test specimens.
[image: Table 1]The stiffness matrix of R-I:
[image: image]
Where Pu is a horizontal load and u is a horizontal displacement:
[image: image]
[image: image]
Since the clamp is regarded as a rigid plate, then:
[image: image]
[image: image]
The bending moment [image: image] of the external load on the articulated constraint point (node 4) is:
[image: image]
According to Eqs 9–14:
[image: image]
Mechanical Model of R-II
Compared with the R-I mechanical model, its opening direction is opposite:
[image: image]
Intensity Assessment
For the U-shaped metal damping deformation mode studied in this paper, based on the distribution law of internal forces of bending moment, the U-shaped metal damping yield is defined when the bending moment at the third central node of the arc reaches the full interface plastic bending moment Mp. The plastic bending moment of full section Mp is:
[image: image]
The yield strength measured by the material property test is[image: image](Table 2), the thickness of the U-type damper, and Wu is the width of the U-type steel damper.
TABLE 2 | Load value of free end of U type steel damper.
[image: Table 2]As shown in Figure 6, the vertical displacement at the loading node 1 of the specimen is [image: image], and the vertical displacement and rotation angle at the U-shaped metal damping node 2 are V.
For Figure 6A, according to Eq. 7, Eq. 12, Eq. 13, the internal force bending moment at the central node 3 of the U-shaped metal damping circular arc is:
[image: image]
When M = Mp, the U-shaped metal damping yields, and the vertical yield displacement at node 2 is denoted as [image: image]. At this point, the vertical yield displacement at the loading end of the specimen:δs = vs.
For Figure 6B in the model shown in , the bending moment of internal force at the central node 4 of the U-shaped metal damping arc is:
[image: image]
When M reaches MP, the U-shaped steel damper yields, similarly, the vertical yield displacement at the loading end of the specimen can be obtained.
Loading Program
The test device of the U-shaped steel damper is shown in Figure 7. Vertical load is applied by a microcomputer-controlled electro-hydraulic servo universal testing machine (model SHT4605). The loading speed is controlled at 0.1 mm/s, and a cable displacement meter is installed on both sides of the U-shaped steel damper to measure the vertical displacement at the damper opening.
[image: Figure 7]FIGURE 7 | Test device. (A) Tension test (B) Compression test.
Test Results
The load-displacement curve of the specimen is shown in Figure 8. The tangent stiffness is 1/3 of the initial stiffness, which is defined as the yield point. Table 3 shows the comparative analysis of theoretical and experimental results. The test error of yield load and yield displacement is kept within 20%.
[image: Figure 8]FIGURE 8 | Experimental and theoretical load-displacement curves. (A) A–S, (B) A–F, (C) B–S, (D) B–F.
TABLE 3 | Comparison between experiment and theory.
[image: Table 3]The influence of the U-shaped steel damper opening orientations: different U-shaped steel damper opening orientations have different initial stiffness. The initial stiffness and yield load of the damper whose opening is towards the articulated constraint point are both higher under tension and compression. It can be seen that the opening orientation of the U-shaped steel damper affects its mechanical properties.
The influence of radius size of an arc segment of a U-shaped steel damper: the initial stiffness of a U-shaped steel damper varies with the radius of the arc segment. Compared with the specimens in Group A, the specimen in Group B with the larger radius of the U-shaped steel damper arc segment has a larger yield displacement and a smaller yield load; that is, its initial stiffness is smaller. The above results show that the initial stiffness of the U-shaped steel damper is inversely proportional to the radius.
According to the comparison between the theoretical and experimental results, it can be seen that the opening orientation of the U-shaped steel damper during installation influences the response of the component. The mechanical property design expression should be combined with the mechanical property expression of the single U-shaped steel damper, and the load combination caused by the actual installation should be considered.
FINITE ELEMENT ANALYSIS
Introduction of Model
ANSYS software was used to establish an accurate finite element model to verify the test results and stress response analysis. The clamping plate and U-shaped steel damper are simulated with 4-node SHELL181. According to the test, the elastic modulus of the material obtained is 205,369 MPa, the Poisson’s ratio is 0.3, the yield strength is 306 MPa, and the ultimate strength is 450 MPa Link180 rod element was used to simulate the hinged restraint device. Multi-linear material model was employed for the U-shaped steel damper. Figure 9 is the finite element model of the specimen. The astatic cyclic loading process is adopted, controlled by displacement, to study the energy dissipation capacity of the damper. Figure 10 shows the cyclic loading displacement and the number of cycles.
[image: Figure 9]FIGURE 9 | Finite element model. (A) The damper opening is oriented towards the hinge point. (B) The damper opening is back to the hinge point.
[image: Figure 10]FIGURE 10 | Loading system.
Finite Element Analysis of Unidirectional Tension and Compression
Through unidirectional tension and compression simulation of the finite element model, its stress nephogram Figure 11 was obtained. The deviation between the model data and the theory is small, and the degree of coincidence is high. It is shown that the numerical model has good accuracy.
[image: Figure 11]FIGURE 11 | Stress nephogram. (A) The opening backs to the hinge point. (B) The opening is directed towards the hinge point.
Analysis of Hysteretic Property
Figure 12 depicts the load and displacement relations obtained in the finite element analysis. The hysteresis curve obtained from the finite element analysis is full and shuttle-shaped, which indicates that the U-shaped steel damper has good energy dissipation performance. The skeleton curve is shown in Figure 13 from the hysteretic loop curve. The mechanical properties of the steel damper calculated by the finite element method are shown in Table 4. As can be seen from the table, the initial stiffness of specimen A–S is 1.41 times that of specimen A–F, and the yield load is 1.29 times that of specimen A–F. The initial stiffness of specimen B–S is 1.91 times that of specimen B–S, and the yield load is 1.54 times that of specimen B–S. These results show that the initial stiffness and yield displacement of the steel damper with the opening towards the hinge point are larger than those with the opening back towards the hinge point.
[image: Figure 12]FIGURE 12 | Force-displacement hysteretic curve of the damper. (A) A–F, (B) A–S, (C) B–F, (D) B–S.
[image: Figure 13]FIGURE 13 | The skeleton curve of the damper.
TABLE 4 | Mechanical behavior of a finite element.
[image: Table 4]Equivalent lateral stiffness:
[image: image]
Where[image: image],[image: image]are the forward and reverse maximum loading displacements, respectively; and[image: image],[image: image]are the external forces corresponding to the maximum forward and reverse loading displacement, respectively (Xu and Liu, 1995).
According to the formula, the equivalent lateral stiffness of each cycle loading can be obtained, and the stiffness degradation curve is shown in Figure 14. As can be seen from the figure, the stiffness of the secant isoline of each group of specimens showed obvious stiffness degradation at the first loading stage. The stiffness of specimens A–S was always greater than that of specimens A–F, and the stiffness of specimens B–S was always greater than that of specimens B–F.
[image: Figure 14]FIGURE 14 | Stiffness degradation curve.
The equivalent lateral stiffness of the last cycle of cyclic loading calculated according to the formula is shown in Table 5. The equivalent lateral stiffness of A–S is 1.32 times that of A–F, and the equivalent lateral stiffness of B–S is 1.51 times that of B–F. The results show that the U-shaped damper whose opening is toward the hinge point has higher equivalent lateral stiffness. The maximum hysteretic loop area in Table 5 is the hysteretic loop area corresponding to the maximum displacement loading. The hysteretic loop area represents the amount of energy consumed by the U-shaped steel damper.
TABLE 5 | Damping performance comparison.
[image: Table 5]The equivalent viscous damping coefficient is an important index to judge the energy dissipation capacity of a structure or member in earthquake resistance.
[image: image]
[image: image]
Where EDS is hysteretic damping energy dissipation, and is equal to the area surrounded by the curve at the maximum displacement; ES is the maximum strain energy (Zhou, 2013).
The equivalent viscous damping coefficient is related to the displacement of cyclic loading. The larger the energy dissipation effect is, the more obvious it is. The equivalent viscous damping coefficients listed in Table 5 all correspond to the values at the maximum cyclic loading displacement, so the damping coefficients are significant. It can be seen from the table that the equivalent viscous damping coefficient is A–S > A–F and B–S > B–F, indicating that the U-shaped damper whose opening is toward the hinge point has a more obvious energy dissipation effect.
PARAMETER SENSITIVITY ANALYSIS
Geometric parameters have an important effect on the mechanical properties of U-shaped steel dampers. The parameter sensitivity of the component was analyzed by ANSYS finite element software. A model with a length of 40 mm, a width of 100 mm, a thickness of 9 mm, and a radius of 40 mm was taken as the initial model, and the initial stiffness of components under different parameters was compared and analyzed.
Figure 15A shows the curve of length and initial stiffness. The length parameter range is 15–200 mm, and the group distance is 5 mm. Other parameters are consistent with the original model. As the length of the U-shaped damper increases, its initial stiffness decreases and approaches zero. The length is inversely proportional to the initial stiffness and is more sensitive in the 15–55 mm range.
[image: Figure 15]FIGURE 15 | Curves of parametric analysis. (A) Curves of length and initial stiffness. (B) Curves of width and initial stiffness. (C) Curves of thickness and initial stiffness. (D) Curves of radius and initial stiffness. 
Figure 15B shows the curve of width and initial stiffness. Except for width, other parameters are consistent with the original model. The width parameter range is 10–200 mm, group distance is 5 mm. As the width of the U-shaped damper increases, its initial stiffness increases, and its sensitivity is larger in the range of 10–40 mm.
Figure 15C shows the curve of thickness and initial stiffness. Except thickness, other parameters are consistent with the original model. Thickness range is 4–30 mm, group distance is 1 mm.As the thickness increases, its initial stiffness increases, and the greater the thickness, the more sensitive it is.
Figure 15D shows the curve of radius and initial stiffness. Except radius, other parameters are consistent with the original model, the radius range is 11–63 mm, group distance is 2 mm. The initial stiffness decreases with the increase of radius, and it is more sensitive in the range of 11–23 mm. It can be seen from the figure that the parameters of U-shaped metal damper have a great influence on its initial stiffness, which should be considered reasonably in the design and application.
CONCLUSION
In this paper, a theoretical formula for the mechanical properties of the U-shaped steel damper is presented. In addition, the experimental verification and finite element analysis of the U-shaped steel damper are also carried out. The main research results are summarized as follows.
When a single U-shaped steel damper has tension and compression, the end-load of the damper is the coupling of vertical force and bending moment. When the opening direction is different, the performance expression form is the same, but the vector positive and negative regulations are different, which should be differentiated in practical application.
According to the load-displacement relationship curve, the mechanical properties of U-shaped steel dampers vary with the opening directions in the tension-compression experiment. Through the comparative analysis of theoretical and experimental results, it is shown that the mechanical property expression of the U-shaped steel damper proposed in this paper is reasonable and feasible and can describe the plastic failure mechanism of a U-shaped steel damper, which provides a theoretical basis for the design and manufacture of the U-shaped steel damper.
In the study of finite element analysis, the results of finite element analysis obtained through monotonic loading are in good agreement with the test results. The hysteretic curves of all specimens obtained through repeated static loading simulation of a U-shaped steel damper by finite element software are full and in the shape of a shuttle. Compared with the damper whose opening is back to the hinged point, the damper whose opening is towards the hinged point has higher initial stiffness and equivalent viscous damping coefficient, and the energy dissipation effect is more obvious.
Parameters of U-shaped steel dampers greatly influence their initial stiffness, which should be taken into account in the design and application of U-shaped steel dampers.
Parameters of U-shaped steel dampers greatly influence their initial stiffness. The result shows that increasing the straight section length and end arc radius can reduce initial stiffness, and increase the thickness and width can increase initial stiffness.
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