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Abstract

In this study, we propose a method of measuring and 
analyzing the load on bolted joints used in a machine under 
off-road vehicle operation. Working load measurement 

under actual machine operation and the results of its analysis 
are shown as load frequency diagrams. An example of the 

measurement analysis of a load (three types of load: axial 
force, bending moment, and torsional torque) added to a 
bolted joint shank during actual machine operation is shown. 
In this paper, we describe how to apply the results of load 
analysis to the load condition at the design and experimental 
development stages.

Introduction

In heavy-duty off-road vehicles used as industrial and 
construction machinery, very severe loads are applied to 
bolted joints, which tighten structural strength members, 

and thus close attention must be paid to their strength and 
self-loosening. SAE Fatigue Design Handbook [1] shows two 
important steps, namely, the “Load Estimate step in the 
DESIGN STAGE” and the “Service Load Evaluation step in 
the EXPERIMENTAL DEVELOPMENT STAGE”. The load 
condition is necessary for both the design and experimental 
conditions, and this is very important information for real-
izing the above-mentioned concurrent multiple design concept.

The main types of bolt problems are fatigue fracture and 
self-loosening, the causes of which are design-based faults and 
insufficient clamping force (tightening torque), respectively. 
Several design analyses on loads applied to bolted joints have 
been carried out. Bickford [2] proposed a fundamental concept 
and guidelines for the fatigue failure of bolted joints. Japan 
Research Institute for Screw Threads and Fasteners (JFRI) [3] 
published the “Analysis and Design for Bolted Joints”. VDI 
2230 [4] provided design information on the durability of 
bolted joints.

Gadgets, machines, and spacecraft may not even exist 
without screws and bolts. Although screws and bolts are 
machine parts based on the simple principle of a wedge and 
a spiral and have been used for more than 2000 years, problems 
such as poor bolting, self-loosening, and insufficient strength 
occur even today.

Concerning these problems, several papers were analyzed 
by the authors. Firstly, the optimum tightening condition of 
a bolted joint used in a machine is defined as the state in which 
the joint is tightened with sufficiently high clamping force 
(axial tension) to be free from breakage and loosening by any 
external force during machine operation [5-8].

Regarding the prevention of fatigue breakage, Kumar [9] 
and Ellis et al. [10] investigated fatigue life prediction. The 
authors also showed a method for the lifetime evaluation of 
fatigue failure and the analysis of loads applied to bolted joints 
[11]. Much research into the effect of self-loosening prevention 
measures has been carried out using self-loosening test 
machines. In our previous paper [12], we proposed a loosening 
lifetime prediction and residual clamping force estimation 
method for bolt loosening during actual machine operation. 
The proposed technique can be used to predict in the early 
stage of machine development, the decrease in clamping force 
after a long period of machine operation by comparing these 
predictions with measurements in actual machines. Various 
studies have been conducted on the problems of bolted joints 
and the elucidation of the self-loosening mechanism shown 
below. In particular, the research of Junker and Williams 
provided many suggestions on the mechanism and the 
 laboratory loosening test method [13,14].

Concerning failure analysis, Baggerly [15] investigated 
the hydrogen embrittlement of a wheel bolt. Fukuoka et al. 
[16] analyzed the cyclic stress amplitude of wheel bolts for 
large vehicles. Thus, problems with bolted joints can be 
divided roughly into fatigue breakage, hydrogen  embrittlement, 
and self-loosening.

In particular, research on the fatigue strength of bolted 
joints has led to the proposal of many methods of lifetime 
prediction. JFRI [17] obtained the cooperation of several 
universities and companies and carried out numerous 
 investigations on fatigue. Weber et al. [18] examined the 
fatigue limit of high-strength bolts. Minguez and Vogwell [19] 
investigated the effect of torque tightening on the fatigue 
strength of bolted joints.

In this paper, a method of analyzing loads applied to 
bolted joints was investigated, including the case of multiple 
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loads. Moreover, measurement method using strain gauges 
and equations for conducting analysis are proposed. By taking 
a construction machine (wheel loader) as an example, the load 
actually applied to bolted joints during machine operation is 
analyzed. The effectiveness of the proposed method was 
proved by showing that accurate fatigue strength estimation 
was possible using the posited relationship between loads 
and stresses.

Analysis of Loads Applied 
to Bolted Joints
In the design of bolted joints, their structure is generally 
devised such that the load condition of the bolts is simplified 
using knock pins or spigot joints that join with a flange joint, 
so that either the shearing force or tangential force can be 
neglected. Therefore, in bolted joints to which an axial force 
(tension), bending moment, and torsional torque are applied, 
it is possible to measure and analyze the loads in accordance 
with the methods described below.

Measurement of Axial Force 
(Tension)
Figure 1 shows two axial force measurement methods. The first 
is the bolt gauge method, as shown in Fig. 1-(a), with a normal 
hexagon head bolt and a hub bolt, for example. The axial force is 
obtained from Equation (1). The second is the two-strain-gauge 
method, as shown in Fig. 1-(b), with a hub bolt, for example. The 
axial force is obtained from Equation (2).

 P
E A

b
b

b= × ( ) × × × × ×
2

e  (1)

 P
E Ar

A C= × +( ) × × × × ×
2

e eII II  (2)

Here,
Pb: Axial force (tension) at point measured by bolt 

gauge method

P: Axial force at point measured by two-gauge method
(the strains measured using uniaxial strain gauges on 

both sides are denoted as εaii and εcii)
E: Modulus of longitudinal elasticity of bolt shank
Ar: Sectional area of bolt shank at measured point

Measurement of Bending 
Moment and Torsional Torque
Figure 2 shows the positions of strain gauges bonded to a bolt 
shank to measure loads as well as the relationship between 
these loads. Each load applied to a bolted joint is assumed to 
act along or around the bolt axis. As shown in the figure, the 
strain gauges at measured points are arranged so that three 
orthogonal axis strain gauges are bonded at A and C, a central 
gauge coincides with the bolt axis, and uniaxial strain gauges 
bonded at B and D are parallel with the bolt axis. The strains 
measured by the three orthogonal axis strain gauges I, II, and 
III at A, for example, are denoted as εAI, εAII, and εAIII, and 
those measured by uniaxial strain gauges at B and D are 
denoted as εBII and εDII, respectively. Then, the loads applied 
to the bolted joint are characterized as follows.
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Here,
Mx: Bending moment around x-axis at measured point
My: Bending moment around y-axis at measured point
Tz: Torsional torque around z-axis at measured point

 FIGURE 1  Axial force measurement method using strain 
gauge (a) Bolt gauge method (b) two-gauge method
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 FIGURE 2  Relationship between the measurement 
locations of strain gauges and loads for bending moment and 
torsional torque
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Zb: Section modulus of bolt shank
Zp: Polar modulus of section of bolt shank
G: Modulus of transverse elasticity of bolt shank
The composite bending moment of the bending moments 

Mx and My and the direction of the operational axis of this 
composite moment are given below.
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Here,
Me: Composite bending moment
αM: Angle from x-axis to operational axis of composite 

bending moment (in counterclockwise direction)

Application to Load 
Measurement in an Actual 
Machine
The fundamental concept of the measurement of a load applied 
to bolted joints has been described. It was confirmed by simple 
experiments that this method enables the analysis of multiple 
separate applied loads with high accuracy. In this section, the 
results of applying this load analysis method to an actual 
machine are also described.

 Test Pieces and Experimental 
Conditions
Figure 3-a) shows an axle of a construction machine (wheel 
loader). The bolts analyzed here were setting bolts to fix a hub 
to the central axis of a planetary gear-type reduction 

component. As the hub is the rotating part, the set bolt is 
considered to be subjected to multiple loads such as torsional 
torque and an axial force. Figure 3-b) shows the dimensions 
of the set bolt. To analyze loads applied to the bolt with this 
simple structure, measurement was carried out using a stud 
with a cross section as shown in Fig. 4-a). Figure 4-b) shows 
the dimensions of the measurement stud. Figure 5 shows a 
photograph of the load-measuring apparatus and 
measurement stud.

Operation load measurement was carried out during a 
cycle of shoveling and dumping operations as shown in Figs. 
6 and 7, which is a typical working pattern for a wheel loader. 

 FIGURE 3  Tested structure and set bolt (actual machine)
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 FIGURE 4  Load-measuring apparatus and 
measurement stud
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 FIGURE 5  Photograph of load-measuring apparatus and 
measurement stud
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 FIGURE 6  Actual machine operation at test site
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Figure 8 shows a load pattern (one cycle) of the axle part 
during shoveling and dumping. The graph shows the measured 
pattern of the load applied to tires in one operation cycle. Tp 
shows input torque wave of differential gear. P1 and P2 show 
vertical and horizontal load which wheel loader tier were 
affected, respectively. Pe shows composite (resultant) tier load 
of the tier load P1 and P2. Ta shows axle housing torque as 
correspond to drive shaft torque (c.f. Fig. 3). These load analysis 
results were used for component and machine level test condi-
tion. It is necessary to analyze the fatigue strength to estimate 
data over a long period, and therefore loads during repeated 
cycles were measured several times.

Load Peak Frequency Analysis 
in Case of Axial Force
Load estimation is carried out using Equations (1) and (2), 
where the shearing force and tangential force are assumed 
to be negligible. Measured loads were analyzed using a data 
processing device. Figure 9 shows the measurement results 
of the load distribution (axia l force) as a load 
frequency diagram.

Load Peak Frequency Analysis 
in Case of Bending Moment
The axial force and bending moment were measured by 
attaching strain gauges to the center of a stepped stud 
constructed for load measurement, as shown in Fig. 4, and 
placing it in the vertically symmetrical tensile testing machine 
shown in Fig. 10-a). This stud is also used in load measurement 
during the actual operation of a machine as mentioned later. 
A bending moment is applied by setting the eccentricity “e” 
between the axis of the tensile testing machine and the stud. 
This experimental apparatus can be configured as shown in 
Fig. 10-b), where an eccentric tensile load is applied to a rod. 
By neglecting the effect of the processing precision of the 
supporting part of the stud, the bending moment Mc can be 
expressed using the equations below.

 M P eC = -( ) ×× ×d  (8)

 FIGURE 7  Shoveling and dumping operations
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 FIGURE 8  Load pattern (one cycle) of the axle part during 
shoveling and dumping
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 FIGURE 9  Load distribution (axial force)
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 FIGURE 10  Experimental apparatus for axial force and 
bending moment
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where
I1: geometrical moment of inertia of supporting part 

of stud,
I2: geometrical moment of inertia of measuring part 

of stud.
Figure 11 shows the composite bending moment Me, 

calculated with Equation (6) using the values obtained from 
the above equations based on the strain gauge measurements, 
with the results calculated with Equation (8). They generally 
agree with each other, but there is a rather large difference 
between certain values. This is considered to be due to inac-
curacy in the finishing of the test piece and the backlash of 
the threads.

Figure 12 shows the measured axial force (tension) and 
the angle of the bending moment axis. It is shown that the 
applied load can be measured with high accuracy by measuring 
the axial tension. The accuracy of the measurement of the 
angle of the bending moment axis, αM, increases with the 
applied load. This experiment was carried out for a stud set 
30 deg. from the axis of the bonded strain gauges, as shown 
in Fig. 10-c).

The above results show that this measurement method 
enables separate and accurate analysis of the axial force 
(tension) and bending moment in the case where both are 
applied at the same time. Figure 13 gives the numbers of 
occurrences of load peaks of the bending moment as a load 
frequency diagram.

Load Peak Frequency in 
Case of Torsional Torque 
[Axial Force (Tension) and 
Torsional Torque]
It was determined whether axial force (tension) and torsional 
torque can be separately measured with accuracy in the case 
where both are applied at the same time by measuring changes 
in stress, where the axial force is initially applied to a stud to 
which torsional torque is being applied, using the experi-
mental apparatus shown in Fig. 14. The experiment was 
carried out by adding torsional torque with a loading nut after 
twisting a tightening nut with a torque of 78.5 Nm.

 FIGURE 11  calculated and experimental results for 
bending moment
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 FIGURE 12  Axial force (tension) and angle of bending 
moment axis
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 FIGURE 13  Load distribution (bending moment)
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Strain was measured at the central part of the stud simi-
larly to in the case shown in Fig. 1. Figure 15 shows the experi-
mental results; hardly any change in the axial tension was 
observed with the addition of torsional torque after tightening. 
This means that this measurement method also enables the 
analysis of these two factors with sufficient accuracy in the 
case where both an axial force (tension) and torsional torque 
are applied. The same should hold for the case of a bending 
moment and a torsional torque applied at the same time, 
considering the relationship between the axial strain and the 
shearing strain. A possible reason why the torsional torque 
measured from the strain gauges in the stud is slightly lower 
than it should be, namely, 85% of the actual loaded torsional 
torque, is that there were losses due to friction at the bearing.

Figure 16 shows the numbers of occurrences of load peaks 
of torsional torque applied to the bolt joint as a load frequency 
diagram. The load peak distributions of both the bending 
moment in Fig. 13 and the torsional torque seem to have two 
peaks. This is considered to result from the superposition of 
respective load peaks during shoveling and traveling work 
and in forward and reverse motion.

Relationship between Load 
and Stress
In this experiment, a load-measurement stud was used instead 
of an actual bolt; therefore, it is necessary to estimate the load 
and stress of an actual bolt from the measurements of the stud. 
When an external force Wa is applied to the bolted joint part 
of the load-measuring stud, the relationship between the axial 
tension generated in the stud, PA, and the external force is 
as follows.

 P WA T a=f .  (10)

Here,
ΦT: Stiffness constant factor of bolted joint part of load-

measuring stud
Figure 17 shows a photograph of the spring constant 

measurement apparatus, Fig. 17-a) and Fig. 17-b) show spring 
constant-measuring apparatus of set bolt and clamping 
member using dial gauge, respectively. Figure 18 shows the 
experimental and calculation results of the spring constant. 
Figure 18-a) shows the spring constant of measurement stud 
and hub, and Fig.18-b) shows the spring constant of set bolt 
and hub used in actual machine.

 FIGURE 14  Experimental apparatus for axial force and 
torsional torque
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 FIGURE 15  Experimental results for axial force (tension) 
and torsional torque (change in the axial tension with the 
torsional torque)
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 FIGURE 16  Load distribution (torsional torque)
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Table 1 shows the calculated and experimentally deter-
mined values of stiffness constants and stiffness constant 
factors of the bolted joint part of a load-measurement stud 
and an actual bolt of a prototype machine. As reported by 
Sawa and Omiya [20], the experimentally determined stiffness 
constants, Φ, are lower than those calculated with the standard 
equation ΦT.

 fT T T CK K K= +( )/  (11)

 f = +( ){ }( )K K K K KT T C C pt/ /  (12)

Here,
KT: spring constant for bolt-nut system
KC: compressive spring constant for clamping member
Kpt: tensile spring constant
The bending moment of the bolts in a prototype machine, 

Me’,was also empirically characterized using the equation 
below for easier calculation.

 M Me
A

T
e= ××× × ×¢F

F
 (13)

The load applied to the measured part as derived by the 
above-mentioned method must in some cases be converted 
to the load applied to the weakest part of the bolt, but here, 
the thus introduced load suggested approximates the load 
applied to the weakest part of the bolt. The maximum stresses 
on the weakest part of the bolt are calculated from the loads 
as follows.

 smax = + ××× × ×P

A

M

Z
e

2 2

 (14)

Here,
σmax: Maximum axial (nominal) stress at section of 

weakest part of bolt
τmax: Maximum shear stress at section of weakest part 

of bolt
A2: Area of section of weakest part of bolt
Z2: Section modulus of weakest part of bolt
Ip: Polar moment of inertia of weakest part of bolt
d2: Effective diameter of weakest part of bolt

Strength Estimation
The load frequency diagrams shown in Figs. 9, 13, and 16 are 
related to the loads applied at an arbitrary section area along 
the axis of a stud or a bolt. Generally speaking, since the load 
condition varies along the axis of a stud or a bolt, it is not easy 
to predict the load condition at a certain section area, such as 
the weakest section area, from the result of analysis at some 
other section area.

 FIGURE 17  Measurement of spring constant (a)
Measurement stud and hub (b) Set bolt and hub
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 FIGURE 18  Experimental results for spring constant

©
 S

A
E 

In
te

rn
at

io
na

l

TABLE 1 calculated and experimental data of stiffness 
constant and stiffness constant factor

Term Calculation Experimental
Stud joint 
for 
measuring 
instrument

Stiffness 
constant

Stud(n/μm) 129.7 90.2
Member (n/μm) 1,230.7 1.225.8

Stiffness constant factor ϕT 0.092 0.066

Bolted 
joint for 
prototype 
machine

Stiffness 
constant

Bolt (n/μm) 598.0 350.1

Member (n/μm) 2,370.3 2.187.9

Stiffness constant factor 
ϕA

0.201 0.138

Stiffness constant ratio ϕA/ϕT 2.18 2.09©
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However, as already mentioned, the structures of most 
critical bolts of a commercial machine are generally devised 
and designed so that their load condition is simplified and 
made uniform. Therefore, in many cases, the load condition 
at the weakest section area can be estimated by analyzing the 
load at a certain arbitrary section area. The weakest point of 
a bolt is generally near where the first thread ridge meshes 
with the internal thread, and the measured load data here are 
of practical use for the approximation of the overall load. In 
this study, it is also considered that the weakest point of a bolt 
can be derived from the load measured at a point where 
measurement is practically feasible.

Figure 19 shows the frequency of the occurrence of 
different levels of stress and the S-N curve of a bolt in a tested 
machine. To estimate the bolt strength, the lifetime under an 
operational load is calculated from these results by a fatigue 
life estimation method. The stress occurrence frequency data 
in the figure are the results of counting the occurrences of 
different levels of stress based on the same method as that 
used to calculate the load peak occurrence frequency and the 
maximum nominal axial stress with Equation (12) using the 
time series data of load peak values. The S-N curve was derived 
by testing an equivalent bolt used in a commercial machine 
using electrohydraulic servo fatigue testing equipment. 
Various stresses, as shown in the stress frequency diagram, 
are plotted in the figure against the number of their occur-
rences in 5000 h for easier comparison with the S-N curve.

The stress applied to bolts during machine operation is 
usually designed to be below the fatigue limit, but in such a 
prototype machine as this example, service stress occasionally 
exceeds the fatigue limit, as shown in Fig. 19. In such a case, 
safety is achieved by setting a limited lifetime using a modi-
fication of Miner’s rule, or the machine is redesigned to reduce 
the maximum stress to below the fatigue limit. In this example, 
the bolts shown in Fig. 3-b) were also adopted for commercial 
machines, and their strength reliability in actual machine 
operation has been confirmed, as there have been no problems 
with a machines, which have passed the expected period 
of endurance.

The accuracy of the thus-acquired data of load occurrence 
frequency and stress occurrence frequency is insufficient due 
to the inaccuracy of the stiffness constants and measuring 
positions, but the accuracy can be improved to an industrially 
acceptable level by standardizing these data based on actual 
results for commercial products and simple stress  measurement 
using bolt gauges. In particular, a more accurate analysis of 
stiffness constants may be possible using detailed equations 
such as the stiffness constant equations derivered by Sawa and 
Omiya [20].

 Feedback of Load 
Analysis and Measurement 
for Design and 
Experimental 
Development Stages
Analysis and measurement results of load affect actual 
machine use and are feed back to the design and experimental 
development stages, as shown in the SAE Fatigue Design 
Handbook [1]. Figure 20 shows photographs taken during an 
experimental test in a factory laboratory, where the results of 
load analysis and measurement were used to determine the 
experimental conditions.

Figure 20 shows the example of machine element, compo-
nent, and prototype machine test, respectively. Machine element 
test conditions are determined from the results of load peak 
frequency analyses (c.f. Figs. 9, 13, and 16). In the component, 
and prototype machine test, test conditions are determined by 
the results of a typical working pattern test during cycle of 
shoveling and dumping operations (c.f. Fig.8), for example.

Conclusions
To estimate the bolted joint strength, it is important to incor-
porate the measurement and analysis applying loads to bolted 

 FIGURE 19  frequency of stress level occurrence of bolts 
and S-n curve
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 FIGURE 20  Photographs taken during of laboratory test in 
experimental development stage. (a) Machine element b) 
component c) Machine
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joints into standard technical information for design, which 
enables the selection of bolts with an appropriate size, strength 
classification, and configuration. This will lead to the develop-
ment of fundamental technology for concurrent multiple 
design, which will be especially effective in promoting efficient 
product development.

In light of the above, a measurement method using strain 
gauges and equations for analysis, which derives loads applied 
to bolted joints, was proposed. Measurement, analysis, and 
strength estimation were carried out with regard to opera-
tional loads applied to the fitting bolts of the base carrier 
members of a construction machine (wheel loader). The results 
can be summarized as follows.

(1) Analytical equations for measurements using strain 
gauges, which calculate loads applied to bolt joints, were 
proposed, and it was experimentally verified that the axial 
tension, bending moment, and torsional torque applied to 
bolts can be separately evaluated with accuracy.

(2) This method was applied to the bolts used to fit the 
base carrier members of a construction machine, and load 
peak distribution diagrams were constructed by analyzing 
the frequency of the occurrence of load peaks of various levels 
applied to the machine in operation.

(3) A stress distribution diagram was acquired from the 
time series data of load peaks, and by comparing it with the 
S-N curve of an equivalent bolt used in a commercial machine, 
the strength estimation of bolts during machine operation 
was shown to be possible by a fatigue lifetime estimation 
method such as a modification of Miner’s law.
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