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Abstract. The installation method for earthquake-resistant support of suspension 
equipment such as air-conditioners is generally to connect braces to the hanging bolts 
via mounting hardware. However, it has been reported that hanging bolt, which is one 
of the members supporting suspension equipment (suspension support members), has 
been cyclically deformed during earthquakes, resulting in fractures at the suspension 
source. The fall of the equipment due to the fracture of suspension support members is 
a serious damage that directly leads to the loss of building functions. In this study, Cy-
clic loading tests were conducted to investigate the structural behavior and low cycle 
fatigue (LCF) characteristics of suspension support members. 

The test specimens consist of four hanging bolts, each side of which is reinforced by 
X-shaped braces. The main test parameters are the suspension length and the angle of 
the brace. Cyclic loading applying the forced deformation to the suspension side of the 
hanging bolts was conducted until either the hanging bolt fracture or significant damage 
in other parts of the specimens. 

In evaluating the initial stiffness and the yield strength of the suspension support mem-
bers, considering the effect of the mounting hardware, both were evaluated well under 
the current recommended specifications for seismic support. And then, the test result 
showed that the LCF characteristics of suspension support members can be evaluated 
by using the deformation angle at the protrusion, regardless of the presence or absence 
of bracing. 

Keywords: Building equipment, Hanging bolt, Seismic design, Low cycle fa-

tigue characteristics, Miner’s law. 

1 Introduction 

The seismic damage to building equipment is concentrated at the attachment parts to 

the structural frame and the connections between equipment. Non-structural compo-

nents including equipment, tend to account for a higher proportion of construction costs 

than structural frames. Since non-structural components including equipment tend to 
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account for a higher proportion of construction costs than the structural ones [1], the 

cost of repairing equipment is considered to be relatively large in post-earthquake res-

toration. In addition, falling or damaging air-conditioning equipment due to fracture of 

hanging bolts [2], [3], [4], is a serious damage that directly leads to loss of building 

functions and human suffering. 

The current guideline for seismic design of building equipment [5], states “it is suf-

ficient to ensure seismic support of light equipment weighing 1kN or less by a method 

specified by a manufacturer of the equipment”. However, many manufacturers of 

equipment do not provide seismic support methods for light weight equipment. Refer-

ences [4], [5], [6], propose the specifications for seismic support of equipment weighing 

1kN or less. An example of seismic support for seismic support for air-conditioning 

equipment is shown in Fig. 1. When supporting equipment with hanging bolts, two 

braces are placed in an X-shape on each of the four sides of the four hanging bolts. The 

attachment angle of the braces to the hanging bolts should be within 45±15°, and the 

total length of the upper protrusion part and the lower protrusion part should not exceed 

25cm. The braces are made of a metal material (full thread bolt) of equal or greater 

strength than the hanging bolts, and the member that fastens the hanging bolt to the 

brace should be a mounting hardware. 

Fatigue fracture of hanging bolts supporting equipment, which is caused by cyclic 

deformation, has been investigated in previous studies [7], [8], [9]. However, the effects 

of relatively small amplitude ranges and differences in suspension length and nominal 

diameters on fatigue characteristics are not clear. The seismic design [6], for equipment 

attachments presents the concept of structural calculation, but there is no evidence 

based on structural experiments or numerical analysis. 

In this study, cyclic loading tests were conducted to investigate the horizontal stiffness, 

strength, and low cycle fatigue characteristics of the unit consisting of hanging bolts, 

braces, and the mounting hardware that fastens them (hereinafter referred to as “sus-

pension support members”), which supports equipment using the attachment angle of 

braces and the length of hanging bolts as main parameters.  

Fig. 1. Example of placing the braces of full thread bolts on X-shape for suspended equipment. 
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1. Principle, hanging bolts should be fixed to the 

frame using insert hardware. 

2. Braces with full threaded bolts should be 

placed on X-shape or radically on all four sides. 

3. The angle θ at which the braces is attached to 

hanging bolts should be 45±15°degrees. 

4. Braces should be used of metal material of 

equal or greater strength than hanging bolts. 

5. Mounting hardware is used to fasten the hang-

ing bolts to the brace. 

6. The total length of the upper and lower protru-

sion should not exceed 25cm. 

7. If the function is to be secured, shaped steel 

should be used for the suspension members. 
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2 Test Plan 

2.1 Outline of Specimen 

The outline of the test specimen is shown in Fig. 2. The test specimen is the suspension 

support members consisting of four hanging bolts and braces for reinforcing them. Four 

hanging bolts are placed at intervals of 900mm x 208mm, and support a steel plate 

(weighing about 0.65kN), which assumed to be lightweight equipment with nuts. The 

thickness of the steel plates was set so that the in-plane and out-of-plane deformation 

of the plates is sufficiently small relative to the magnitude of the forced deformation of 

the suspension support members. 

The outline of the mounting hardware used in the tests is shown in Fig. 3. The hang-

ing bolt and braces are connected by angle-shaped mounting hardware. The hanging 

bolt is fixed by tightening the bolts attached to the mounting hardware with a torque 

value of 24.5Nm. The attachment angle of the braces can be freely adjusted. The hang-

ing bolt and brace materials used in the tests are full threaded bolts equivalent to SS400, 

and are basically used on wit screws that are commonly used for seismic support of 

equipment. Table 1 shows the material properties of the full-thread bolts used in the 

tests. In the table, E is Young's modulus, G is the shear modulus and σy is the yield 

stress obtained from tensile tests [10]. De is the effective diameter of the bolt, which 

sectional secondary moment I, section modulus, Z, and plastic section modulus, Zp, 

were calculated based on test results obtained from three-point bending tests [10]. 

De 

[mm] 

A  

[mm2] 

E  

[N/mm2] 

G  

[N/mm2] 

σy  

[N/mm2] 

I  

[mm4] 

Z 

[mm3] 

Zp 

[mm3] 

7.906 49.1 205000 79000 503.87 125.23 50.80 78.40 

Fig. 2. Outline of specimen. Fig. 3. Outline of mounting hardware. 

Table 1. Material properties of full thread bolt (W3/8). 
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2.2 Test parameter 

The test parameters for the specimens are shown in Fig. 4. The test parameters are the 

attachment angle of the brace θ, the upper protrusion length La or lower protrusion 

length Lb from the edge of the brace ends, and the loading amplitude δ. There are four 

types of attachment angle of brace: 15°, 30°, 45°, and 60°. In general, the upper and 

lower parts of suspension support members must protrude from the edge of the brace 

to connect with the air-conditioning equipment or ceiling surface. In this paper, the 

longer protrusion is defined as the protrusion length Lf. In other words, the protrusion 

length Lf can be expressed as following. 

max{ , }f a bL L L=                                                       (1) 

There are four types of protrusion length: 100, 250, 400, and 550 mm. The shorter 

protrusion length is 50 mm for construction convenience. Reference [11], shows the 

results of cyclic loading tests of only hanging bolts simulating the protrusion of the 

suspension support members. Based on the fact that the nominal diameter of the hang-

ing bolts φ had a small effect on the low cycle fatigue characteristics, but the suspension 

length L had a large effect on the low cycle fatigue characteristics, the nominal diame-

ters used for the hanging bolt and brace in the cyclic loading tests of the suspension 

support members in this paper are all W3/8.  

 

Fig. 4. Test parameters. 

2.3 Test setup and measuring plan 
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and a test specimen. The loading frame is supported by four columns with pin connected 
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installed on the upper and lower flanges of them to tighten the hanging bolt from the 

upper and lower directions with nuts. 

Next, the measurement plan is described. During loading, the horizontal load Q is 

measured by a load cell attached to the steel plate. The deformation of the specimen is 

measured from the difference between the absolute displacement at the top end (x1) and 

the absolute displacement at the bottom end (x0) of the suspension support member. In 

addition, the relative displacement (δa or δb) of the upper or lower protrusion is meas-

ured directly from the displacement transducers (x2~x5) attached on the steel plate. 

Fig. 5. Test parameters. 

2.4 Loading Method 

The loading method is described. The test was conducted by applying a constant dis-

placement amplitude cyclic positive-negative cyclic loading as a sinusoidal wave, with 

the side where the actuator is in tension as the positive side. The loading speed was set 

so that the maximum velocity given to the specimen was less than 10 mm/s. The loading 

was continued until the fracture of the hanging bolt was confirmed or until a sudden 

loss of strength occurred due to significant damage in other parts of the hanging bolts. 

3 Low Cycle Fatigue Characteristics 

In this chapter, low cycle fatigue characteristics of suspension support members is eval-
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3.1 Cyclic loading test under constant amplitude (fractured of hanging bolts) 

Nf is defined as the number of fractures when one of the four hanging bolts fractures or 

when the maximum strength per cycle of the suspension support member drops to al-

most half of the maximum strength exerted up to that point, whichever is smaller. The 

deformation angle R is defined as the ratio of one-sided amplitude δ to the length Lf. 

The relationship between the number of fractures Nf and the deformation angle R(=δ/Lf) 

is shown in Fig. 6. The vertical axis represents the number of fractures, and the hori-

zontal axis represents the deformation angle. Fig. 6(a) shows the case without braces 

(only hanging bolts), and Fig. 6(b) and (c) show the case with braces, separately for the 

lower protrusion and upper protrusion, respectively. In each Figure, the specimens that 

fractured in the calculated elastic range are shown as filled plots and those that fractured 

in the calculated inelastic range are shown as white plots. In both cases, the number of 

fractures decreases linearly on both logarithmic axes as the deformation angle in-

creases, results based on the Manson-Coffin law [12]. The straight line in the figure is 

the fatigue curve for only hanging bolts of Lf=300mm (without braces), and the fatigue 

curve equation is shown in following equation.  

3.0590.2069fN R−=                                                         (2) 

In the case without braces (Fig. 6(a)), as the suspension length Lf increases, the num-

ber of fractures Nf increases for the same deformation angle R. This is thought to be due 

in part to the fact that the amount of plastic deformation becomes relatively small for 

the same amplitude as the suspension length Lf increases.  

The results of this test are compared with those of the previous one, [7], (○ in Fig. 

6(a)). The slope of the fatigue curve in the previous test is slightly steeper than that in 

this test, and the number of fractures is higher for the same deformation angle. How-

ever, when compared with Lf=900 mm, which is almost equal to the length of the pre-

vious test (Lf=800 mm), the result of the previous test shows the same number of frac-

tures as those of this test, which confirms the validity of the results of this test. 

Next, Fig. 6(b) shows the relationship between the number of fractures Nf and the 

deformation angle Rb, showing only the specimen, which fractured in the hanging bolt 

at the lower protrusion part. The lower protrusion length Lb=250mm shows the same 

fatigue characteristics as that of Lf=300mm without braces (only hanging bolts), whose 

lengths are almost equal, regardless of the difference in the attachment angle of the 

(a) Non-Braced (b) Braced (lower protrusion) (c) Braced (upper protrusion) 
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Fig. 6. Low-cycle fatigue characteristics (only shown in case of fracture of hanging bolt) 
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brace (◇□〇△ in the graph). As in the case without braces, the number of fractures 

Nf increases as the suspension length increases (◇□ in the graph). Therefore, it is con-

cluded that the fatigue characteristics can be evaluated by using the deformation angle 

at the protrusion part as well as without braces. 

Finally, Fig. 6(c) shows the relationship between the number of fractures Nf and the 

deformation angle Ra, showing only the specimen, which fractured in the hanging bolt 

at the upper protrusion part where axial force is generated. In the case of the upper 

protrusion (Fig. 6(c)), where axial force is generated, the number of fractures Nf is 

higher for the same deformation angle Ra than that of a specimen without braces (only 

hanging bolts) of approximately equal length (Lf=300mm) (〇△ in the graph). This is 

thought to be partly due to the loosening of the threaded part when the tensile axial 

force acts on the upper protrusion. Therefore, in the axial force range covered here 

(axial force ratio: 0.2~6.3% in this test), it can be concluded that the low cycle fatigue 

characteristics of the suspension support members is not reduced. 

3.2 Examination of the low-cycle fatigue characteristics cy the different length 

Next, the effect of difference in suspension length on the number of fractures is dis-

cussed. Fig. 7(a) shows the case without the braces, and Fig. 7(b) shows the case with 

the braces. The notation in the figures is the same as in the previous section. The straight 

line in the figure is the fatigue curve for the hanging bolt of Lf=300mm (without braces). 

3.059454.03fN −=                                                        (3) 

Here, the plasticity factor μ is calculated by the following equation. 

pR R =                                                             (4) 

Rp is the calculated value of elastic deformation at the full plastic strength. The value 

is calculated from the following equation, assuming plastic hinges at the upper and 

lower ends of the fixed beams at both ends (Fig. 8). 

p
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f f

Q
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K L
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
                                                               (5) 
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Where Qp is the horizontal load at which the mechanism is formed and Kf is the 

elastic stiffness. In this section, the strength and elastic stiffness are calculated by the 

following equations, assuming that the mechanism is formed and that the beams are 

fixed at both ends, respectively. 

2 p y

p

f

Z
Q

L


=                                                                (6) 

3

12
f

f

EI
K

L
=                                                                (7) 

In both cases, the number of fractures decreases linearly on both logarithmic axes as 

the plasticity factor increases. In the case of the hanging bolt (without braces) (Fig. 

7(a)), the effect of the difference in length Lf is reduced by using the plasticity factor, 

and a uniform evaluation can be made. Similarly, the effect of the difference in the 

length of the lower protrusion, Lb, on the protrusion with the braces (Fig. 7(b)) is also 

small. 

3.3 Effect of the presence or absence of threads on the low-cycle fatigue 

characteristics of the hanging bolt 

Section 4.1 shows the fatigue characteristics of suspension support members, including 

a specimen in which the hanging bolt fractured in the calculated elastic range. However, 

even if the specimens are elastic in the calculation, they show nonlinearity due to stress 

concentration at the threads and other factors. In this section, the low-cycle fatigue 

characteristics of steel bars without threads is presented with reference to Reference 

[13], and the effect of the presence or absence of threads on the low-cycle fatigue char-

acteristics of hanging bolts is discussed. 

Fig. 9 shows the geometry of the test specimen in Reference [13]. The test specimen 

is a steel bar, consisting of a test part and a fixed part. The fixed part is tightened to the 

steel plate with nuts via threaded sections. The frame is consisted of four steel bars as 

columns, and loads are applied to the jig attached to the steel plates for cyclic loading 

at a constant amplitude. 

 The relationship between the number of fractures Nf and the deformation angle R 

obtained from the experiments is shown in Fig. 10, together with the results for Lb = 

100 mm (three specimens with fractured bolts) in Section 4.1. The distinction between 

the plots in the figures is the same as in Section 4.1. The straight line in the figure is the 

fatigue curve for SS material shown in Ref. [13], which is expressed by the following 

equation using the constant deformation amplitude γ. 

         log 1.84log 3.46fN = − +                                                  (8) 

Here, the constant deformation angle γ is expressed by the following equation. In 

Fig.10, the constant deformation angle γ is shown by replacing it with the deformation 

angle R. 

  
Y  =                                                                (9) 
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where δ is the one-sided amplitude applied to the specimen and δY is the relative 

elastic horizontal deformation corresponding to the yield strength of the frame, QY, cal-

culated by the following equation. 

  
2

0

16

9

Y f

Y

L

d E





=                                                                (10) 

where σY is the yield point (=353N/mm2) obtained from tensile test of the specimen, 

Lf (=100mm) is the length of the test section, d0 (=10mm) is the diameter of the test 

part, and E (=205,939N/mm2) is Young's modulus. 

 The range of loading amplitude is different between this experiment and the previous 

experiment [13]. Comparing the fatigue curves, the unthreaded specimen [13] had 

fewer fractures at large amplitudes, but at small amplitudes, the relationship between 

the two was reversed. However, there is experimental result near the intersection of the 

two, and the experimental result is in general agreement with the fatigue curves of both. 

Therefore, it is considered that the effect of the presence or absence of threads is small 

in the range of loading amplitudes covered by this experiment. Detailed verification of 

this point is a subject for future study.  

3.4 Cyclic loading test under constant amplitude (Other broken type) 

This section describes the specimens in which buckling of the braces and failure of the 

mounting hardware were observed in the suspension support member with the shortest 

protrusion length (Lf = 100 mm). The relationship between the number of fractures Nf 

and the deformation angle Ri (i=a, b) is shown in Fig. 11. In the figure, failure due to 

buckling of braces is indicated by ×, and failure of mounting hardware is indicated by 

+. The blue plot shows the case of a lower protrusion, and the red plot shows the case 

of an upper protrusion. In the case of brace buckling, the experiment was finished when 

a significant decrease in strength was observed, and the number of cycles at that point 

is plotted to the figure. Failure of the mounting hardware tends to occur earlier than the 

fracture of the hanging bolt. The failure modes of the suspension support members con-

firmed in this experiment are also shown in Fig. 11. Failure of the mounting hardware 

tends to occur earlier than the fracture of the hanging bolt. These failures occurred at a 

smaller range of loading amplitudes than the one at which fatigue fracture of the 

Fig. 9. Test specimen (SS-series) [13] 
Fig. 10. Comparison of low-cycle fatigue 

characteristics with and without thread [13] 
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hanging bolt occurred and may be affected by the accumulation of cyclic deformation 

due to aftershock. 

3.5 Evaluation by cumulative damage 

Next, the seismic response is assumed and the case where the loading amplitude varies 

over multiple amplitudes is discussed. Here, the Miner’s law (linear cumulative damage 

rule [14]) is used to evaluate the cumulative damage (D value) of the hanging bolt. 

Experiments are conducted on the bolt diameter = W3/8 and the suspension length Lf 

=300mm (without braces). The number of fractures Nf, is calculated based on the fa-

tigue curve of Lf =300mm without braces as shown in the equation (18) in section 4.1 

and the measured deformation angle R. The loading patterns are the incremental and 

decremental types, and two-stage amplitude tests and three-stage amplitude tests are 

conducted for each. The summary of the loading pattern is shown in Fig. 12. If the 

number of fractures at each constant amplitude is Nfi and the number of cycles at each 

amplitude is ni, the cumulative damage (D value) of the hanging bolt is expressed by 

the following equation. 

(a) Two-stage amplitude incremental type 

(c) Two-stage amplitude decremental type 

(b) Three-stage amplitude incremental type 

(d) Three-stage amplitude decremental type 

R=±0.04 
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Fig. 12. Loading pattern of multi-stage amplitude test 
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Table 2. Cumulative damage of hanging bolt (Lf=300mm, =W3/8) 

φ
L

[mm]

R

[rad.]

N fi

[cycle]

n i

[cycle]
D

0.036 4277 4148
0.066 741 186
0.036 4386 4148
0.129 98 42
0.037 4165 1752
0.048 1910 823
0.065 745 275
0.066 714 651
0.037 4186 2270
0.131 94 56
0.036 4582 1964
0.199 27 6
0.131 93 32
0.064 800 126

1.45

Two-stage 1.03

Three-stage 0.72

Loading pattern

Incremental

Two-stage

W3/8 300

Decremental

Two-stage

1.22

Two-stage 1.37

Three-stage 1.22

  

1

k
i

i fi

n
D

N=

=                                                                 (11) 

The experimental results are shown in Table 2. The D values were below 1.0 for 

some loading patterns, but exceeded 1.0 for many specimens, suggesting that the appli-

cation of the Miner's law should be considered in the design, for example, by setting an 

appropriate safety factor for the fatigue curve. 

4 Conclusion 

In this study, cyclic loading tests of the suspension support members supporting build-

ing equipment were conducted to clarify the effects of the suspension length and the 

attachment angle of braces on low-cycle fatigue characteristics. The following is a sum-

mary of the results obtained. 

 

1. It was shown that the low cycle fatigue characteristics of the hanging bolt can be 

evaluated independently of the presence or absence of braces by using the defor-

mation angle at the protrusion part. The number of fractures tends to increase as 

the suspension length increases. This is partly because the suspension length in-

creases, the amount of plastic deformation is relatively smaller for the same am-

plitude, and the use of the plasticity ratio can eliminate the effect of the difference 

in suspension or protrusion length Lf. 

2. In the case of the suspension support members with braces and Lf=100mm, buck-

ling of the braces and failure of the mounting hardware were observed in addition 

to the fracture of the hanging bolts. 

3. The case where the loading amplitude is varied over several amplitudes was ex-

amined assuming an earthquake. The low-cycle fatigue characteristics of the 

hanging bolt was shown to be applicable to the combination of multiple ampli-

tudes by using the Miner's law for cumulative damage. 
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