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Abstract 
 

Structural mitigation is a key strategy for reducing earthquake-induced 

property damage and casualties. Among various mitigation measures, 

dampers are widely used to enhance structural energy dissipation. This 

study proposes a heat-treated steel helical spring damper to improve 

damping performance. The dampers were fabricated from mild 

reinforcing steel bars with diameters of 6, 10, and 12 mm and different 

numbers of coils. An annealing process was applied to reduce the steel 

yield strength. The specimens were subjected to displacement-

controlled sinusoidal cyclic loading to evaluate stiffness, strength, 

energy dissipation, and equivalent viscous damping ratio (EVDR). The 

results showed that reducing yield strength through annealing 

increased the EVDR by approximately 2.6%. Furthermore, larger coil 

diameters provided higher load-carrying capacity and greater energy 

dissipation. Conversely, increasing the number of coils reduced energy 

dissipation because of lower stiffness and larger yielding displacements 

within the applied loading range. 
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INTRODUCTION 
 

Medium- and severe-earthquakes can cause significant damage to buildings, ranging from architectural elements to 

structural components, resulting in casualties. Hence, it is necessary to develop methods to increase the resilience of 

buildings against earthquakes. Several methods have been developed to mitigate potential damage to buildings 

through structural mitigation measures, repairs, and strengthening. One method is retrofitting, which involves adding 

steel bracing and a damper to damp earthquake vibrations. Along with technological developments, various types of 

dampers have been developed, significantly impacting the resilience of building structures against earthquakes. An 

example of a damper is a metallic damper, which dissipates energy through inelastic deformation and benefits from 

a stable hysteresis loop and resistance to changes in ambient temperature [1,2]. A shear panel damper is one type of 

metallic yield damper that utilises high-ductility, low-yield-strength steel material [3-5]. Further development of the 

shear panel damper type is designed to accommodate multidirectional loads in its application to bridge structures [6-

10]. Another example of a damper is a friction damper, which provide energy dissipation from the friction between 

two solid bodies [11]. The current application of friction dampers in building structures is because they can serve as 

energy-dissipation devices, providing insulation [12,13]. Another example of a damper that employs a mechanism 

highly unaffected by stiffness is the viscoelastic damper. This damper is capable of dissipating earthquake energy 

across a range of vibrations, where the damper system is susceptible to variations in temperature and loading 

frequency  [14,15]. 

 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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A helical spring is a type of vibration-isolation device commonly used in vehicles to reduce shock and vibration. 

Although many helical springs are used as elastic springs in vehicles, they are also employed as isolation systems, 

energy-dissipation devices, or shock absorbers. In the vehicle’s suspension system, a helical spring can temporarily 

store strain energy when a load is applied within its elastic range. Its purpose is to isolate the vehicle from vibration 

by shifting the natural period. In the implementation of a helical spring as a damper in the piping system of a nuclear 

power plant by Cho et al. [16], the steel coil damper (SCD) enables the piping system to remain in an elastic state 

under earthquake excitation due to hysteretic energy dissipation [16]. The research by Chang et al. [14]  and Cho et 

al. [16] demonstrated that the yield strength, first stiffness, and second stiffness of SCD, as determined by both 

experimental and numerical results, show good agreement [17]. Conceptually, the nonlinear behavior of a steel coil 

or helical spring damper is affected by the steel material’s yield strength and ductility. The helical spring damper is 

composed of a ductile material, enabling early energy dissipation and allowing for a large ultimate displacement. 

One method of obtaining steel with low yield strength and high ductility is tempering ordinary steel [18]. 

 

The mechanical properties of steel are related to its microstructure, which is obtained through various heat treatments. 

A slow cooling rate after the tempering process affects mechanical properties by influencing the microstructure 

[18,19]. Steel undergoing slow cooling treatment has lower yield strength but higher percentage elongation [20,21]. 

This happens because, at a fast cooling rate, martensite in carbon steel is in a hard, brittle phase, resulting in increased 

hardness and strength while reducing the specimen's ductility. The decrease in yield strength is also due to the coarser 

ferrite and pearlite dominating the microstructure, which allows them to move easier and consequently reduces 

hardness. The deformation temperature also affects the mechanical properties of steel. The yield strength and tensile 

strength of steel decreased as the tempering temperature increased [22-24]. Increasing the tempering temperature 

coarsens the steel's microstructure and carbides, while reducing stress on the martensite lowers the steel's hardness 

and strength. Based on these findings, the tempering method with a slow cooling rate has the potential to transform 

mild reinforcing steel bars into high-ductility, low-yield steel, thereby enabling their use as earthquake-damper 

devices. One possible utilization of reinforcing steel as an earthquake damper is the helical spring damper. There has 

been no study that discusses the hysteretic performance of tempered mild steel helical rebar spring dampers, which 

could potentially lead to further utilisation of mild reinforcing steel bars as a damper device. Therefore, an 

experimental study on the hysteretic behavior of steel helical spring dampers (SHSD) that considers tempering 

treatment is needed.  

 

This paper investigates the effect of various spring coil parameters on the hysteretic behavior of helical rebar spring 

dampers under cyclic loading. Additionally, the effects of tempering treatment and different loading frequencies were 

investigated to examine their impact on hysteretic behaviour. In this experimental study, the optimal performance 

parameters of the helical rebar spring damper, specifically yield strength, yield displacement, and EVDR, are 

expected to be determined. 

 

THEORETICAL BACKGROUND 
 

In the design of a helical rebar spring damper, the spring’s stiffness and force depend on the dimension parameters 

of the steel spring. They include the diameter of the rebar spring (d), the number of turns/coils (n), and the helical 

diameter (D) [25,26]. In the spring damper subjected to a force (F), as shown in Figure 1, the force (F) and torque 

(T) are directly related. The magnitude of the maximum shear stress of the spring damper is obtained from the 

combination of direct shear stress and torsional shear stress, as shown in Equation 1 [27] by substituting τmax =τ, T = 

FD/2,  r = d/2, τmax =πd4/32, and A =πd2/4, the following Equation 2 is obtained. In these formulations, the parameter 

Ks is introduced as the shear stress correction factor. This factor accounts for the additional shear stresses induced 

by the curvature of the spring wire and the direct shear force, which are not captured in the basic torsion formula. 

Using Castigliano’s theorem, axial yield strength (F) can be determined by means of Equation (3). 

 

 𝜏𝑚𝑎𝑥 =
𝑇𝑟

𝐽
+

𝐹

𝐴
 (1) 

 

 𝜏𝑚𝑎𝑥 =
8𝐹𝐷

𝜋𝑑3
+

4𝐹

𝜋𝑑2
 (2) 
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3  (3) 
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(a) (b) 

Figure 1. (a) Helical Spring with Axial Loading, and (b) Free Body Diagram of Direct Shear Stress and Torsional Shear Stress 

 
MATERIALS PROPERTIES AND SPECIMEN PREPARATION 
 

Materials 
 

The Steel Helical Spring Damper (SHSD) specimens were fabricated from mild reinforcing steel bars, formed into 

coils with variations in bar diameter, number of coils, and heat treatment conditions, as illustrated in Figure 2(a). The 

bar diameters of the spring dampers were 6, 10, and 12 mm, with 1 to 3 active coils. The specimens were produced 

by winding the steel bars around a cylindrical mandrel with a diameter of 24.5 mm to achieve the helical 

configuration. Consequently, a total of 18 specimens (3 × 3 × 2) were used in this experiment, as summarized in 

Table 1. Furthermore, the specimen designation is based on the material model (NT for non-heat-treated or WT for 

heat-treated), followed by the bar diameter and the number of coils.  

 

Heat Treatment 
 

The heat treatment of the SHSD specimens was conducted in a furnace constructed from refractory bricks with a 

chamber measuring 10 cm x 20 cm, as shown in Figure 2(b). The specimens were heated to a soaking temperature 

of approximately 800°C and held for 25 minutes, as illustrated in Figure 2(c). Following the heating phase, the 

furnace was sealed using a layer of aluminum foil and refractory bricks to facilitate slow cooling within the chamber. 

This heat treatment sequence is detailed in Figure 2 and the resulting temperature decay was recorded. The specimens 

were designated as WT (With Treatment) and NT (Non-Treatment) to distinguish between the heat-treated and non-

heat-treated helical springs, respectively. 

 

   

(a) (b) (c) 

Figure 2. Information about SHSD; (a) Dimension Parameters, (b) Heating Furnace, and (c) Heating Process 

 

Table 1. Design Parameters of the Steel Helical Spring Damper 

Parameters Analytical case Number of cases 

Material model Non-heat treatment (NT) and with heat treatment (WT) 2 

Bar diameter 6, 10, 12 mm 3 

Number of coils 1, 2, 3 3 

Total cases  18 
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Figure 3. Heat Treatment Sequence 

 
EXPERIMENTAL PROCEDURE 
 

The mechanical properties of the steel bar, specifically its yield stress and maximum elongation, were evaluated 

through uniaxial tension tests before the assembly of the helical spring dampers. Cyclic loading of helical rebar spring 

damper specimens was conducted under displacement control. The cyclic displacement load is applied using a 

dynamic sinusoidal procedure on a shaking table at 0.5 Hz and 1.0 Hz. To achieve lateral restraint, the specimen was 

placed on a 24.5mm cylindrical pipe and connected by welding. The movable drive shaft and sleeve are welded 

connected to the coil spring specimen and have relative displacement to the fixed sleeve. Therefore, the axial force 

resist and deformation only occurred on the coil spring specimens. The specimen was then secured on one side using 

nuts and bolts to prevent movement when loaded. The loading setup configuration of the specimens is shown in 

Figure 4. 

 

The cyclic loading test was conducted to obtain the stiffness, yield strength, yield displacement, and equivalent 

viscous damping ratio (EVDR). The equipment used includes a load cell to measure load and an LVDT to measure 

displacement. All recording devices are connected to DEWE-43 and Dewesoft software version 3.12. The dynamic 

load excitation was generated by the shaking table that was connected to the right end of the specimen. A load cell 

was installed between the shaking table and the specimen, connected via a cylindrical steel pin to prevent moment 

transfer during loading. The LVDT with a fixed support was placed toward the shaking table to measure the 

displacement of the spring damper. 

 

During specimen loading, a sinusoidal signal at 0.5 Hz and 1 Hz was applied as the cyclic load. The loading consists 

of several cycles grouped into displacement control blocks. Each block has a specific displacement target, i.e., 2, 4, 

6, 8, 10, 15, 20, and 25 mm, named as DT2, DT4, DT6, DT8, DT10, DT15, DT20, and DT25, respectively. The 

cyclic loading protocol for the different numbers of specimen coils is shown in Table 2. The maximum displacement 

targets for one, two, and three coils are 15 mm, 20 mm, and 25 mm, respectively. The reason is that helical rebar 

spring dampers with higher coil numbers generate larger elongation capacity. At the loading stage, with a frequency 

of 0.5 Hz, ten cycles were performed using four precursors and five signals, as directed by the displacement target, 

as shown in Figure 5. The precursor signal is needed to stabilize the movement on the shaking table. 

 

 

 
(a) (b) 

Figure 4. Loading Set Up the Configuration of the Specimens: (a) Schematic, and (b) Implementation 
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Table 2. Cyclic Loading Protocol and Displacement Targets for Varying Coil Numbers 

Number of coils 
Displacement target 

DT2 DT4 DT6 DT8 DT10 DT15 DT20 DT25 

1 √ √ √ √ √ √   

2 √ √ √ √ √ √ √  

3 √ √ √ √ √ √ √ √ 

 

 
Figure 5. Cyclic Loading Protocol Blocks 

 

RESULTS AND DISCUSSION 
 

Tensile Test Result 
 

The tensile test results indicated that the tempering treatment may have reduced the steel bar's yield strength, as 

illustrated in Figure 6. The yield strength and total elongation results for each bar of specimens were presented in 

Table 3. It should be noted that the results for the 6 mm, 10 mm, 12 mm bars were derived from single data points. 

Following the heat treatment, a decrease in yield strength was observed across all specimens. Specifically, the yield 

strength of the 6 mm specimens decreased from 335.41 MPa to 256.85 MPa, representing a 23.42% reduction. In the 

10 mm specimens, a 1.87% decrease (from 402.16 MPa to 394.64 MPa) was recorded, while the 12 mm specimens 

exhibited a 6.02% reduction. 

 

The reduction in the yield strength was attributed to heat treatment with a slow cooling rate. During tempering, a 

diffusion process occurred in which carbon could escape from the martensite, as evidenced by the study of Hansu 

and Güneyisi [15]. Increasing the tempering temperature accelerated the diffusion rate and the enlargement rate of 

cementite particles. The enlargement of the cementite particles decreased the steel's yield strength. This was 

consistent with the test results for specimens WT6, WT10, and WT12, in which the steel bar exhibited a reduction in 

yield strength, as shown in Figure 6(b). The smallest percentage decrease occurred in the DP12 specimen. The reason 

for this discrepancy was the difference in the volume of reinforcing steel specimens. Specimens with a larger diameter 

or volume per unit length required slower heat treatment. Consequently, the rate of diffusion that occurred was also 

slower. The reduction in yield strength is a critical factor in the performance of the spring helical damper, by enabling 

earlier plastic deformation, the damper achieves plumper hysteretic loops relative to its elastic capacity.  Although 

the absolute force capacity is lower, this behavior directly enhances the damping efficiency, resulting in a higher 

Equivalent Viscous Damping Ratio (EVDR) for the heat-treated specimens.   

 

  

(a) (b) 

Figure 6. Uniaxial Test Results of Rebar Material: (a) Stress-Strain Curve of Rebar with a 6 mm Diameter, and (b) 

Comparison of Yield Strength between Before and After Heat Treatment 
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Table 3. Yield Strength and Elongation 

Rebar diameter (mm) Case Yield strength, fy (MPa) Total elongation (%) 

6 
Non-heat treatment (NT) 335.41 16 

With heat treatment (WT) 256.85 15 

10 
Non-heat treatment (NT) 402.16 16 

With heat treatment (WT) 394.64 18 

12 
Non-heat treatment (NT) 406.66 10 

With heat treatment (WT) 382.17 21 

 

Cyclic Test Result 
 

Table 4. Equivalent Viscous Damping Ratio (EVDR, %) 

Specimen 

Displacement control (mm) 

Loading frequency 0.5 Hz  Loading frequency 1.0 Hz 

2 4 6 8 10 15 20 25 2 4 6 8 10 15 20 25 

NT6-1coil 2.0 3.7 10.8 17.5 22.7 31.6 - - 1.6 5.8 18.7 18.7 22.5 28.1 - - 
WT6-

1coilPen 7.3 8.5 17.3 23.7 28.5 35.9 - - 7.4 9.3 18.0 25.6 31.4 38.8 - - 
NT6-2coil 3.8 2.4 2.7 5.6 9.3 18.7 24.4 - 4.0 2.4 2.9 6.3 10.4 19.8 26.3 - 

WT6-2coil 3.6 6.6 14.6 21.5 26.5 34.0 37.4 - 3.6 6.8 15.8 22.5 27.9 36.2 40.7 - 
NT6-3coil 2.3 1.1 1.2 2.6 5.1 13.2 20.1 20.3 1.3 1.0 1.5 3.5 6.7 14.1 20.6 26.3 

WT6-3coil 2.2 2.2 5.9 11.4 16.9 27.4 31.7 34.9 2.2 2.1 6.3 12.6 18.4 30.6 38.0 41.2 

NT10-1coil 1.8 8.9 17.6 25.4 28.8 35.2 - - 1.7 10.3 19.2 25.7 30.2 37.4 - - 

WT10-1coil 2.6 1.3 25.9 31.5 35.3 41.0 - - 2.8 16.7 26.6 32.3 35.8 40.7 - - 

NT10-2coil 1.3 2.1 8.0 15.1 20.9 29.3 33.8 - 1.4 2.3 8.9 16.5 22.5 30.5 35.6 - 
WT10-2coil 1.2 2.7 10.2 18.0 23.1 31.9 35.9 - 1.2 3.2 11.1 19.1 24.3 32.2 36.7 - 

NT10-3coil 1.3 1.2 3.5 8.2 13.5 24.3 29.9 33.2 1.2 1.2 3.9 9.6 14.9 24.8 31.4 34.1 
WT10-3coil 0.9 1.7 7.3 14.2 19.3 28.4 32.9 37.0 1.0 1.9 7.9 15.3 20.6 29.6 34.4 36.7 

NT12-1coil 1.9 10.7 21.5 28.1 32.0 39.5 - - 1.8 10.9 22.1 28.8 33.3 39.5 - - 
WT12-1coil 2.1 15.2 25.6 31.3 35.4 41.4 - - 2.3 15.7 26.0 31.6 35.4 41.2 - - 

NT12-2coil 1.2 2.4 9.0 17.1 22.6 31.8 36.5 - 1.2 2.7 9.9 18.0 19.4 32.5 39.7 - 
WT12-2coil 1.4 5.4 13.8 21.4 26.5 35.1 39.8 - 1.4 5.5 14.4 22.1 27.6 35.5 39.5 - 

NT12-3coil 1.1 1.2 4.6 10.7 16.8 28.0 34.0 37.4 1.2 1.1 5.1 11.9 18.3 28.5 34.1 37.5 
WT12-3coil 1.5 3.8 9.2 16.0 21.7 30.3 35.4 38.3 1.4 4.0 10.0 17.1 24.1 31.2 36.3 39.3 

 

Table 5. Axial Yield Strength 

 
Yield strength at 0.5 hz loading 

frequency (kN) 

Difference 

(%) 

Yield strength at 1.0 hz loading 

frequency (kN) 

Difference 

(%) 
 Experimental Analytical  Experimental Analytical  

NT6-1coil 0.59 0.58 -1.51 0.46 0.58 -26.81 

WT6-1coilPen 0.34 0.37 8.77 0.36 0.37 -3.87 

NT6-2coil 0.52 0.58 10.31 0.54 0.58 -8.62 

WT6-2coil 0.36 0.37 4.00 0.38 0.37 -0.97 

NT6-3coil 0.62 0.58 -6.42 0.60 0.58 -3.38 

WT6-3coil 0.40 0.37 -6.69 0.42 0.37 -10.86 

NT10-1coil 2.09 2.31 9.46 2.30 2.31 0.36 

WT10-1coil 1.75 1.85 5.59 1.76 1.85 5.19 

NT10-2coil 2.26 2.31 2.20 2.26 2.31 2.27 

WT10-2coil 1.77 1.85 4.43 1.78 1.85 -3.89 

NT10-3coil 2.24 2.31 2.86 2.25 2.31 2.57 

WT10-3coil 1.70 1.85 8.21 1.71 1.85 7.67 

NT12-1coil 3.78 3.77 -0.35 3.94 3.77 -4.46 

WT12-1coil 3.23 3.52 8.37 3.24 3.52 8.13 

NT12-2coil 3.83 3.77 -1.52 3.83 3.77 -1.49 

WT12-2coil 3.49 3.52 1.02 3.47 3.52 1.48 

NT12-3coil 3.85 3.77 -2.02 3.44 3.77 8.77 

WT12-3coil 3.01 3.52 14.58 3.02 3.52 14.28 

 
The experimental test revealed that the EVDR of each specimen varied with the determined variables, as illustrated 

in Table 4. These EVDR values were derived by averaging the EVDR for each cycle within each block. Generally, 
the distinct loading frequencies led to marginal differences in EVDR outcomes. Heat treatment improved EVDR 

performance compared to the untreated condition. An increase in the number of coils reduced energy dissipation by 
enhancing flexibility and increasing the yielding displacement. Furthermore, a larger bar diameter was associated 
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with a higher EVDR attainment. Additionally, a larger displacement resulted in a higher EVDR, suggesting that the 

displacement load control remained below the strength degradation state. 
 
Table 5 indicates that the yield strength of the spring damper was affected by the material of the specimen, the 
diameter of the coil, and the diameter of the spring bar. The axial yield strength state is determined based on the first 
significant slope change of the backbone curve, as referred to by Shen et al. [28]. Nevertheless, the discrepancy in 
loading frequency at 0.5 Hz and 1.0 Hz resulted in a marginal discrepancy in axial yield strength. The coil material 
exerted a significant influence on the axial yield strength value. The increase in the material's yield stress resulted in 
a corresponding increase in the axial yield strength of the spring damper. As illustrated in Table 5, the tested 
specimens showed variations in yield strength, indicating that those with identical coil and helical diameters differed 
in axial yield strength. The coil diameter affected axial yield strength, with specimens exhibiting higher axial yield 
strength at larger coil diameters. These results were compared with the calculation of axial yield strength using 
Equation (3), which yields a value close to the experimental result, demonstrating a comparable pattern as shown in 
the percentage difference figures in Table 5. Furthermore, the specimen employed the same cylinder diameter, 
thereby establishing a proportional increase in helical diameter as the spring bar diameter increased. 

 
The Effect of Heat Treatment 
 
According to Figure 7, the tempering treatment resulted in a lower yield strength. When displacement control was 
applied at 2, 4, 6, 8, 10, and 15 mm, the hysteresis loop of the heat-treated specimen was smaller than that of the non-
heat-treated specimen. In the inelastic state, as shown in Figure 8(a) and (b), the force at the same displacement 
control was higher for the non-heat-treated specimen. Conversely, the elastic stiffness of each specimen was almost 
equal. The 12 mm diameter specimen with a single active coil served as a representative case for the various diameters 
and coil configurations, as other specimens exhibited similar behavioral patterns. Consequently, the specimens with 
tempering treatment exhibited a larger equal viscous damping ratio. This was because the heat-treated specimen 
reduced the steel's yield strength. 
 
This phenomenon occurred because the reduced yield strength in the heat-treated specimens facilitated an earlier 
transition from the elastic to the plastic state during the loading cycles. As the yielding occurred at a lower load level, 
the heat-treated specimens spent a greater proportion of the displacement cycle dissipating energy through metallic 
yielding. This resulted in a 'plumper' hysteretic loop relative to the specimen’s maximum force capacity, which 
significantly reduced the elastic strain energy (Eel) relative to the dissipated energy (Ed).  
 

 

(a) (b) (c) 

 

(d) (e) (f) 

Figure 7. Hysteretic Loop of the NT12-1coil and WT12-1coil Specimen under Displacement Control; (a) 2 mm, (b) 4 mm, (c) 
6 mm, (d) 8 mm, (e) 10 mm, and (f) 15 mm 
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The general trend observed was that the equivalent viscous damping ratio increased with displacement. The specimen 

with a diameter of 12 mm and one coil, as shown in Figure 8, could be considered to represent the difference in the 

EVDR value for each displacement. The heat-treated spring damper exhibited a higher damping ratio than the non-

heat-treated spring damper. The increase in the equivalent viscous damping ratio of the heat-treated specimen was 

concurrent with that observed by He at al. [8], wherein specimens with lower yield strength exhibited plastic 

deformation in smaller deformation. 

 

            
(a)                                                                                                             (b) 

Figure 8. Comparison of (a) Equivalent Viscous Damping Ratio, and (b) Envelope Curve of the Specimen NT12-1coil and 

WT12-1coil 

 

The Effect of Coil Numbers 
 

 
(a) (b) (c) 

 

(d) (e) (f) 

Figure 9. Hysteresis Loop for Specimen WT12-1coil, WT12-2coil, and WT12-3coil for Specimen under Displacement 

Control; (a) 2 mm, (b) 4 mm, (c) 6 mm, (d) 8 mm, (e) 10 mm, and (f) 15 mm 

 
The hysteretic loop area decreased with increasing coil number, as shown in Figure 9 for specimens WT12-1coil, 

WT12-2coil, and WT12-3coil. The 12 mm diameter specimens served as a representative case for the other diameter 

variations, as the 6 mm and 10 mm specimens exhibited similar behavioral characteristics. Under the same deflection-
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that the yield strength was nearly independent of the number of coils, whereas the yield deformation increased with 

increasing coil number. This behavior is consistent with the theoretical relationship given in Equation (1), which 

indicates that, for identical spring geometry, the strength is not governed by the number of coils; rather, the stiffness 

decreases with increasing number of coils due to greater elastic deformation. 
 

Accordingly, the hysteretic loop area directly affected the equivalent viscous damping ratio (EVDR), which increased 

as the number of coils decreased, as shown in Figure 10(b). The single-coil specimen exhibited the highest EVDR, 

followed by two-coil and three-coil specimens. In general, higher stiffness and shorter yield displacement were the 

dominant factors contributing to a larger EVDR. However, the response at larger deformation levels could not be 

evaluated because the ultimate deformation capacity was not reached in the present tests. Further studies are therefore 

required to clarify whether increasing the number of coils improves hysteretic energy dissipation at large 

deformations or instead promotes instability, such as buckling. 
 

 

(a)                                                                                                (b) 

Figure 10. Comparison of (a) Equivalent Viscous Damping Ratio, and (b) Envelope Curve of the Specimens WT12-1coil, 

WT12-2coil, and WT12-3coil 
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(a) (b) (c) 

 

(d) (e) (f) 

Figure 11. Hysteresis Loop for Specimen NT6-3coil, NT10-3coil, and NT12-3coil for Specimen under Displacement Control: 

a) 2 mm, b) 4 mm, c) 6 mm, d) 8 mm, e) 10 mm, and f) 15 mm 
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The general trend of the hysteretic loop area increased as the bar diameter of the specimen increased, as shown in 

Figure 11, which consisted of specimens NT6-3coil, NT10-3coil, and NT12-3coil. To isolate and compare the 

influence of bar diameter, the specimens with three active coils were selected as a representative configuration, with 

the 12 mm diameter specimen serving as the primary reference for the observed trends. At the same deflection control, 

the greatest force occurred on the specimen with a bar diameter of 12 mm, followed by 10 mm, and finally 6 mm. 

The axial yield strength, illustrated in Figure 12, was consistent with Eq. 5; it showed a positive correlation with 

increasing bar diameter. The increase in bar diameter also increased the stiffness rate of the spring under the same 

deflection. The greatest strength was observed in the specimen with a bar diameter of 12 mm, followed by 10 mm, 

and finally 6 mm. These observations confirmed fundamental mechanical principles, as the torsional resistance and 

load-carrying capacity of a helical spring are inherently governed by its wire diameter.  It should be noted that while 

these results validated the experimental setup, the correlation between bar diameter and structural capacity is a well-

established mechanical behavior. 

 

In general, the equivalent viscous damping ratio increased in proportion to the bar diameter. Figure 12 illustrates the 

equivalent viscous damping ratio of the non-heat-treated specimen with three coil numbers on different bar diameters. 

This phenomenon occurred because the hysteretic loop area was larger in a specimen with fewer coils, resulting in 

the largest equivalent viscous damping ratio in the specimen with one coil. When subjected to the same force, the 

elastic displacement of the spring damper with a higher diameter was lower, and its initial stiffness was significantly 

larger than that of the other two dampers. The equivalent viscous damping ratio of the specimen with a larger bar 

diameter decreased in the elastic region but increased in the plastic region. 

 

 

(a) (b) 

Figure 12. (a) Equivalent Viscous Damping Ratio, and (b) Backbone Curve of the Specimen NT6-3coil, NT10-3coil, and 

NT12-3coil 

 

CONCLUSIONS 
 
This experimental study investigated the hysteretic behavior of helical spring dampers fabricated from reinforcing 

steel bars, focusing on the effects of material treatment and geometric parameters. The heat treatment, achieved 

through slow-cooling tempering, alters the material's mechanical properties to enhance its damping performance. 

The treatment was effective in reducing the axial yield strength of the steel bars, with a decrease of up to 35.74% 

observed in the 6 mm diameter specimens. This reduction in yield strength allows the damper to enter a plastic state 

at smaller deformations. Consequently, the heat-treated specimens consistently exhibited a higher EVDR than their 

untreated counterparts, indicating superior energy dissipation per unit displacement.    

 

The damper's hysteretic behavior was also found to be highly dependent on its geometric parameters, specifically the 

number of coils and the bar diameter. The study revealed an inverse relationship between the number of coils and 

damping capacity: increasing the number of coils led to a lower EVDR. This occurs because additional coils increase 

the damper's flexibility and reduce its overall stiffness, resulting in a smaller hysteretic loop area and, consequently, 

less energy dissipation for the same displacement target. As the basic theorem, increasing the bar diameter improved 

mechanical performance. Larger-diameter bars provided greater yielding force resistance and stiffness, resulting in a 

larger hysteretic loop area and a significantly higher EVDR, demonstrating greater energy dissipation.   
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Furthermore, the study concluded that the performance of the helical spring damper is independent of the loading 

frequencies tested. The experimental results showed nearly identical EVDR values for tests conducted at 0.5 Hz and 

1.0 Hz, suggesting the damper offers stable, predictable performance under low-frequency seismic vibrations. 

Considering all findings, the research proposes a practical application for this technology. While effective at 

dissipating energy, these helical spring dampers possess a relatively small force resistance capacity. This 

characteristic makes them particularly well-suited for use as energy dissipation devices in low- to medium-rise 

buildings, where high force resistance is less critical. 
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