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ABSTRACT 

The Variability of Strains in Bolts and the Effect on Preload in Jointed 
Structure  

by 

Mianmian Ruan 

Torque wrenches are the most common method used for tightening 

bolts; however, this method can cause a large amount of uncertainty in the 

resulting bolt preload. With the inability to determine the preload in bolted 

structures precisely, overdesign is necessary for bolts to meet safety 

requirements and prevent jointed structures from looseness failure. A series 

of comparative experiments are completed to quantify the influence of bolt 

strain variation based on strain gauges, force transducers, and accelerators. 

Moreover, this research uses the Peak Finding and Fitting algorithm to 

analyze nonlinear dynamics of the experimental system, which demonstrates 

the ramifications of the experimental results. Measured strains in bolts 

showed significant variabilities, which indicates larger the expected 

uncertainty in preload. Impact test results also indicate the advantages of 

pre-strain method for tightening bolts compared to torque wrenches. 
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Chapter 1 

Introduction 

Bolts are widely used to assemble components in mechanical and civil 

structures due to their high reliability, strong load bearing capacity, and easy 

maintenance [1]. However, parameter uncertainties can exist in all joints and 

jointed structures because of friction, hardness, finish and relative 

dimensions of interacting parts [2]. This problem is made even more 

complicated by the uncertainty in the initial preload of the bolts. These 

factors also have effects on loss of preload and joint relaxation accordingly. 

Therefore, structural health monitoring (SHM) of bolted structures is a 

problem of interest in many applications. SHM involves the observation of 

the structure over time using periodically-spaced measurements, the 

extraction of damage-sensitive features from these measurements, and the 
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statistical analysis of those features to determine the health state of the 

structure [3]. Since the bolted interface is inaccessible in most of the cases, 

various sensing methods have been developed to measure the response of the 

interface. Current studies can be divided into direct sensing methods and 

indirect sensing methods. Indirect sensing methods are mostly developed 

based on the acoustoelastic effect, while direct sensing methods are 

developed using various sensors.   

1.1. Torque Control Method 

 

A common simplification of the torque-tension relationship in 

bolts, shown in Equation (1), is widely used in the industry as a basic 

theory of tightening bolts, where 𝑇𝑇 represents the tightening torque, 𝑘𝑘 is 

the dimensionless nut factor, 𝑑𝑑 is the bolt’s nominal diameter, and 𝐹𝐹 

stands for the fastener tension. [4, 5]  

 𝑇𝑇 = 𝑘𝑘𝑑𝑑𝐹𝐹. (1) 

This torque-tension relationship makes the torque control 

method for assembling joints bolt attractive and convenient. Typical 

methods to tighten a bolted assembly precisely include the use of a 
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torque wrench; however, this method has uncertainty in translating 

from applied torque into bolt preload. The uncertainty range is 

estimated to be from 85% to 90%, depending on the style and quality of 

the torque wrench, which introduces a large amount of experimental 

uncertainty or error [6, 7]. Investigations of the mechanics of bolts have 

led to, more detailed relationships between torque and bolt tension, 

derived in terms of pitch torque, thread torque and bearing torque 

components. Experimental results successfully quantify the thread and 

bearing torque components [8-10]. The torque-tension relationship was 

demonstrated in detailed in [11] by expressing 𝑘𝑘 in terms of average 

diameter 𝑑𝑑𝑚𝑚, cone angle 𝛼𝛼, pitch angle 𝜆𝜆, and thread friction 𝜇𝜇𝑇𝑇 . 

 𝑘𝑘 = �𝑑𝑑𝑚𝑚
2
� � tan 𝜆𝜆+𝜇𝜇𝑇𝑇 sec𝛼𝛼

1−𝜇𝜇𝑇𝑇 tan 𝜆𝜆 sec𝛼𝛼
� (2) 

The torque used for tightening is divided into three parts in [12, 

13]: the torque stretching the bolt, the torque overcoming the thread 

friction, and the torque overcoming the friction between the nut and the 

washer. An empirical formula was used by [14-16], in which the torque-

tension relationship is expressed with the use of the collar diameter 𝑑𝑑𝑐𝑐, 

average diameter 𝑑𝑑𝑚𝑚,  pitch angle 𝜆𝜆, thread friction 𝜇𝜇𝑇𝑇 , and head friction 

𝜇𝜇𝐻𝐻 .  



  

4 
 

 𝑇𝑇 = 𝐹𝐹(0.159𝜆𝜆 + 0.578𝑑𝑑𝑚𝑚𝜇𝜇𝑇𝑇 + 0.5𝑑𝑑𝑐𝑐𝜇𝜇𝐻𝐻)  (3) 

In [17, 18], experiments and FE models were used to determine 

the scatter and relaxation behavior of bolt preload specifically in flange 

joints. It is also found that every bolt bends differently and uniquely on 

the flange when assembled via the torque control method for tightening, 

which indicates the uncertainty of the method.  

 

Figure 1.1 Principle scheme of a hydraulic tensioner. 



  

5 
 

In comparison, the hydraulic tensioner is another commonly used 

tool for bolt tightening. Hydraulic tensioners (Fig. 1.1) are able to 

tighten a set of bolts with the same axial load. By comparing the 

hydraulic tensioner and torque control methods in the tightening 

procedure of twelve bolts on a gasket flange, it was proved by [19, 20] 

that the maximum scatter happens due to the torque control method. 

However, it is still unclear how to quantify the variation of bolt preload 

caused by the torque control method in real time, and how this issue 

affects the dynamic behavior of the jointed structure. 
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1.2. Indirect Methods 

According to [1], indirect acoustoelastic-effect-based methods can be 

classified into three divisions: the time-of-flight method (TOF), velocity 

ratio method, and mechanical resonance frequency shift method. The TOF 

method was first proposed by [21]. They derived expressions of the 

relationship between the velocities of the longitudinal and transverse waves 

and applied stress for homogeneous and isotropic materials by using 

Murnaghan’s theory of finite deformations [22] and third-order terms in the 

energy, and concluded that the wave velocities decrease with increasing 

stress based on measured transmission time of an elastic pulse wave through 

three different elastic solids. After that, an axial bolting force inspection 

system for thermal power plants was developed based on this method [23]. 

They derived an equation representing the relation between time of flight ∆𝑇𝑇 

and axial bolting force 𝐹𝐹 as 

 ∆𝑇𝑇 = 𝐹𝐹 ∙ (1 − 𝑘𝑘0𝐸𝐸). (4)  

In terms of the elastic modulus 𝐸𝐸 and acoustoelastic constant 𝑘𝑘0, they 

proved that the coefficient (1 − 𝑘𝑘0𝐸𝐸) is constant when applied to steel. In 
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[24, 25], the TOF method was used to first calculate the time of flight of 

waves in the unstressed state, and then calculate the acoustoelastic 

coefficient for a tightened bolt, achieving the goal to determine the 

tightening force. A variation on the TOF method was proposed in [26], in 

which the phase delay of the transmitted signal and received signal was used 

to calculate the TOF, and its practicality was demonstrated with tension 

tests.  

The second type of indirect acoustoelastic-effect-based methods is the 

velocity ratio method, which was first proposed by [27]. In the velocity ratio 

method, the velocity ratio of the longitudinal waves to transverse waves is 

used to remove the influence of the initial state of a bolt. This method was 

further developed in [28] by using mode-converted ultrasonic waves 

generated by a 10 MHz transducer, and the subsequent TOF ratio was the 

velocity ratio. In this method, the bolt length and unstressed state do not 

have influence on its calculation for axial load on the bolt, which makes it 

more advantageous in practice compared to the TOF method.  

The third type of indirect acoustoelastic-effect-based method is the 

mechanical resonance frequency shift method. This method was proposed by 

[29] in 1977. In this method, an assumption is made that ultrasonic waves 

reflect completely between two parallel ends of the bolt, and thus the 
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acoustic resonant frequencies have linear relationship with the applied stress. 

In [30], this method was combined with the TOF calculation from [27], and 

a shear-wave electromagnetic acoustic transducer was used to realize a 

contactless measurement. Most recently, [31] further developed this method 

into a time-frequency based damage classification algorithm by using finite 

element analysis simulation as training data, which can save time and 

expense on experimental tests. However, the accuracy of the algorithm is 

relatively low, varying from 87.6% to 97.4%.  

Although these indirect methods are straightforward to apply, both 

high accuracy and high sensitivity are required for the measurements for 

these methods due to their use of TOF, which is within the scale of 

nanoseconds. By contrast, direct methods do not have this requirement. 

Instead, they focus on directly measuring bolt properties. 

1.3. Direct Methods 

Commonly used sensors for direct methods can be classified into 

piezoelectric sensors, strain gauges and force transducers. The piezoelectric 

sensing method is one of the most common method. There are two major 

categories of piezoelectric sensing methods. One is the piezoelectric active 

sensing method [32], and the other is the piezoelectric impedance method 
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[33]. The use of piezoelectric wafer active sensors in SHM was first 

published by [34], and [32] further developed the method studying for 

jointed structures. Specifically, [32] used two PZTs, of which one is acting 

as the actuator, and the other is the sensor. With a derived relationship of 

signal energy corresponding to different torque levels, the bolt torque can be 

determined by measuring the signal from the sensor PZT directly. As a 

comparison, the piezoelectric impedance method has been developed for 

over twenty years and has been widely used. First proposed in [35] for SHM, 

this method derives the combined function for a PZT actuator’s admittance 

𝑌𝑌(𝜔𝜔) in terms of its mechanical impedance 𝑍𝑍𝑎𝑎(𝜔𝜔) and the host structure’s 

impedance 𝑍𝑍𝑠𝑠(𝜔𝜔):  

𝑌𝑌(𝜔𝜔) = 𝑖𝑖𝜔𝜔𝑖𝑖 �𝜀𝜀33𝑇𝑇 − 𝑍𝑍𝑠𝑠(𝜔𝜔)
𝑍𝑍𝑠𝑠(𝜔𝜔)+𝑍𝑍𝑎𝑎(𝜔𝜔)

𝑑𝑑3𝑥𝑥2 𝑌𝑌�𝑥𝑥𝑥𝑥𝐸𝐸 �. (5) 

Here, E is the Young’s modulus, and 𝜀𝜀33𝑇𝑇 , 𝑑𝑑3𝑥𝑥2 , 𝑌𝑌�𝑥𝑥𝑥𝑥𝐸𝐸  are constants 

related to the PZT. This method has been widely used in a number of 

applications. For instance, in [36], this method was demonstrated to be 

accurate to detect the loosening of bolts connecting aluminum beams by 

utilizing a set of six PZTs. Similarly, in [37], five PZTs were used to detect 

two different sources of damage in a bolted plate. This method has since 

been extended by [38] to quantify the residual fatigue life of complex bolted 
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structures. By combining this method with the frequency shift method [40], 

the accuracy of detecting bolt looseness was increased. Finally, [39] 

integrated these concepts into the development of a smart washer that is 

capable of directly measuring the preload of a bolted structure. 

Other direct measurement techniques have been developed based on 

strain gauges, load cells and accelerometers. Strain gauges are widely 

applied, and were first reported by [42] to be used in monitoring a bolt’s 

preload level. In [43], a new method was presented to determine quasi-static 

behavior of different bolted plates with two, four and six bolts by using five 

strain gauges in between every two bolts. Another common method is the 

use of force transducers, of which here are multiple types. The bolt-clamped 

Langevin type transducer was used in [44] to detect output force and control 

bending vibration. Load cell sensors are utilized in [45] to study the effect of 

two extreme loading conditions of washers, and obtained the result that an 

unconstrained gap may provide lower initial failure load for bolted 

structures. A new method was proposed in [46, 47] to quantify the tension 

level in a bolt with natural frequencies and damping ratios. Force washer and 

accelerometer are used to obtain axial force and accelerations in the 

transverse direction. Although PZTs are very commonly used, the low 

repeatability of the experiments makes it less stable than the other two.  
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1.4. Thesis Organization 

The central questions of this research are to quantify the variation of 

bolt preload, and investigate the effect on the dynamic behavior of the 

jointed structure due to the uncertainty of preload. To answer these 

questions, a series of comparative tests are designed in this thesis. Strain 

gauges will be applied to quantify the variation of bolt strains. Repeatability 

experiments of torque wrench controlled prestressing of a system are 

completed using strain gauges. Force transducers are used to validate the 

accuracy of these experiments. To contextualize the effect of the measured 

uncertainty in bolt torque, impact tests are used to characterize the nonlinear 

dynamics of an experimental system. Experimental results are discussed in 

detail, and of future work of the problem is mentioned briefly. 

The research will be presented in the following order. Chapter 2 is the 

theoretical calculation of the corresponding relationship among torque, 

preload and strain. The experiment and experiment results will be presented 

in detail in Chapter 3 and Chapter 4, where Chapter 3 is the static 

experiments, and Chapter 4 is the dynamic experiments. Conclusions are 

summarized in Chapter 5 based on the experiment results. For further 

development of the research, a possible method can be used for future work 

is mentioned in Chapter 6.   
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Chapter 2 

Theoretical Analysis 

This chapter presents the theoretical calculation based for torque-

tension relationship that are used throughout this thesis in order to derive the 

corresponding relationship between bolt torque, bolt preload, and bolt strain 

for further experimental use.  

The strain 𝜀𝜀 is calculated by 

 𝜀𝜀 = ∆𝑙𝑙
𝑙𝑙0

= 𝑙𝑙−𝑙𝑙0
𝑙𝑙0

, (6) 

where, ∆𝑙𝑙 is the deflection of the length, and 𝑙𝑙0 is the original length. 

According to Hooke’s law, the stress-strain (𝜎𝜎-𝜀𝜀) relation in the linear range 

is given as 
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 𝜎𝜎 = 𝐸𝐸𝜀𝜀, (7) 

for the Young’s Modulus, 𝐸𝐸, of the bolt. The stress 𝜎𝜎 is calculated from the 

axial load 𝑃𝑃 by 

 𝜎𝜎 = 𝑃𝑃
𝐴𝐴0

, (8) 

where, 𝐴𝐴0 is the original area of the specimen. [11] 

In the experiment, the diameters of the machined bolts are 6.10 𝑚𝑚𝑚𝑚, 

6.16 𝑚𝑚𝑚𝑚, and 6.20 𝑚𝑚𝑚𝑚, with an average value of 6.15 𝑚𝑚𝑚𝑚, this gives the 

cross-sectional areas of the bolts 

  𝐴𝐴0 = 1
4
𝜋𝜋𝑑𝑑02. (9) 

Thus, the relationship of preload 𝑃𝑃 and strain 𝜀𝜀 can be expressed as 

 𝑃𝑃 = 𝐴𝐴0𝐸𝐸𝜀𝜀 = 1
4
𝜋𝜋𝑑𝑑02𝐸𝐸𝜀𝜀. (10) 

For the M8 bolt, 𝐸𝐸 = 2 × 1011, yielding the 𝑃𝑃-𝜀𝜀 relationship 

 𝑃𝑃 = 5.9411 × 106𝜀𝜀. (11) 

In summary, the geometric and material properties for the tested bolts are 

specifically listed in Table 2.1. 
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Bolt 
Number 

Cross-sectional 
Diameter (mm) 

Cross-sectional 
Area (mm2) 

Young’s 
Modulus (Pa) 

𝑃𝑃/𝜀𝜀

=
1
4
𝜋𝜋𝑑𝑑02𝐸𝐸 

1 6.10 29.23 2 × 1011 5.846 × 106 

2 6.16 29.80 2 × 1011 5.960 × 106 

3 6.20 30.19 2 × 1011 6.038 × 106 

Table 2.1 Geometric and material properties for tested bolts. 

 𝑇𝑇 = 𝐹𝐹(0.159𝜆𝜆 + 0.578𝑑𝑑𝑚𝑚𝜇𝜇𝑇𝑇 + 0.5𝑑𝑑𝑐𝑐𝜇𝜇𝐻𝐻)  (3) 

To use Equation (3) for the torque-tension relationship, the average 

diameter 𝑑𝑑𝑚𝑚, collar diameter 𝑑𝑑𝑐𝑐, pitch angle 𝜆𝜆, thread friction 𝜇𝜇𝑇𝑇 , and 

head friction 𝜇𝜇𝐻𝐻 are needed to be defined. The values of thread friction 

and head friction are referenced from [16, 52], that 𝜇𝜇𝑇𝑇 = 𝜇𝜇𝐻𝐻 = 0.6. The 

values of the average diameter, collar dimeter, and pitch angle are referenced 

from [11]. The used values for torque-tension calculation are listed in Table 

2.2.  

Name 𝑑𝑑𝑚𝑚 (mm) 𝑑𝑑𝑐𝑐 (mm) 𝜆𝜆 (°) 𝜇𝜇𝑇𝑇  𝜇𝜇𝐻𝐻  

Value 8 9 60 0.6 0.6 

Table 2.2 Constants for torque-tension calculation for M8 bolts. 
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The preloads under bolt torques of 10.2 N·m, 23.7 N·m, and 30.5 N·m 

are 5905.8 N, 13722.3 N, and 17659.5N, respectively. Thus, the ideal 

corresponding values of bolt torque, bolt preload, and bolt strain are shown 

in Table 2.3.  

Bolt Torque (N·m) Bolt Preload (N) Bolt Strain (με) 

10.2 5905.8 994 

23.7 13722.3 1847 

30.5 17659.5 2972 

Table 2.3 The corresponding values of bolt torque, bolt preload, and bolt 
strain. 
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Chapter 3 

Static Experiments 

Two sets of static experiments are presented in this chapter. First, the 

measurements of the strain gauges are independently assessed against 

measurements of bolt stress preload using force transducers. Second, a 

repeatability experiment is conducted to quantify the variability in bolt 

strains under nominal torques.  

3.1. Development of Instrumented Bolt 

Three bolts are used in all tests in this thesis. The original tested bolts 

are M8×40mm bolts with full threads. To use strain gauges as the main 

approach to obtaining strain on the bolts, every bolt used in the experiment 

are machined into the shape shown in Fig. 3.1. The machined area is 
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25.40mm long, which is long enough to accommodate an 18mm long strain 

gauge on the bolt. The diameters of cross-sectional area of three bolts are 

6.10mm, 6.16mm, and 6.20mm. In addition, two holes are drilled in the bolt 

head of every bolt for wires connecting with strain gauges to pass through. 

In Fig. 3.2, a rendering of the machined bolt model is shown. The full 

installation of the strain gauge is as shown in Fig. 3.3: wires are welded onto 

the strain gauge, and the leads go out from the bolt head.  

 

   

Figure 3.1 Photo of the machined bolt with strain gauge attached. 
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(a)                                          (b) 

 

(c) 

Figure 3.2 Model views of the machined M8 bolt: (a) Isometric view; (b) Bolt 
head; (c) Lateral view. 
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Figure 3.3 Photo of the wiring and installation of the strain gauge on the bolt. 

 

Figure 3.4 Photos of test bolts with corresponding washers and nuts. 
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To remove the influence caused by washers and nuts, washers and 

nuts are numbered from 1 to 3, corresponding to each bolt as shown in Fig. 

3.4, where B after the numbers means the washer close to bolt head, and N 

represents for the washer near the nut.  

3.2. Strain Measurement Accuracy Assessment Tests 

3.2.1. Experimental Setup of Accuracy Assessment Tests 

A (PCB – 202B) force washer is used in the experiment for further 

validation of the experimental results. A short stainless beam with one bolt 

hole is machined to fit the instrumented bolts. The system is a monolithic 

specimen designed to remove uncertainty introduced by the pressure of 

interfaces. The beam is assembled with a single bolt and force washer as 

shown in Figs. 3.5 - 3.6. The beam is clamped to the test table to ensure 

stability of the experiment. The goal of this experiment is to validate that the 

strain readings from the strain gauges have a linear relationship to the forces 

measured by the force washer, which indicates the accuracy of strain gauge 

measurements.  
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Figure 3.5 The clamped bolted beam with force washer installed. 

 

Figure 3.6 Photo of the experimental assembly.  
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3.2.2. Experimental results of Accuracy Assessment Tests 

The results of the accuracy assessment tests with the force washer are 

shown in this section, which demonstrates the reliability and accuracy of the 

repeatability tests and impact tests.  

It can be observed from Fig. 3.7 that strains from all three bolts 

showed a good linear coresponding relationship to force. The slopes of every 

fitting lines are (a) 6.0457, (b) 6.0391, and (c) 6.0563, which are all close to 

the estimated value of 5.9411 by calculation with the unit of με. Moreover, 

the slopes shows consistence around the value of 6.04, which shows the 

stability of the test data. Furthermore, the 𝑟𝑟2 for the curve fittings are (a) 

88.75%, (b) 89.51%, and (c) 99.44%, which shows the credibility of the 

fitting lines. Thus, the force washer tests indicate that the strain gauges can 

accurately calculate the bolt forces. 
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(a) 

 

(b) 
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(c) 

Figure 3.7 Force vs. strain diagram of three tested bolts: (a) Bolt 1; (b) Bolt 2; 
(c) Bolt 3. 

3.3. Repeatability Tests 

3.3.1. Experimental Setup of Repeatability Tests 

To study the repeatability of the measured bolt strain and bolt torque 

relationship, the experimental system of Brake-Reuβ beam (BRB) is used 

[40]. As shown in Fig. 3.8, the BRB is a standard benchmark system for 

researches on jointed structure. It has a simple geometry, which is composed 

of two stainless steel L beams with a 1" × 1" cross section, and the two L 

beams are connected by three bolts in a lap joint. 
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Figure 3.8 The geometry of the BRB. [40] 

The BRB is clamped to the test table to remove the influence caused 

by reassembling (Fig. 3.9). Besides the numbered bolts, the bolt locations on 

the BRB are numbered from 1 to 3 independently (Fig. 3.10). Each bolt was 

tested in each position with the pre-torque of 23.7N∙m. To assess the 

repeatability, each bolt was tested in each position 40 times, for a total of 

360 measurements. Strains were recorded using the Model P3 Strain Gauge 

Indicator and Recorder in every test so that histograms of each bolt in each 

position can be obtained. 
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Figure 3.9 Photo of the repeatability tests assembly with bolts wiring to the 
strain gauge meter. 

 

Figure 3.10 Diagram of the bolt order and position order. 
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3.3.2. Experimental Results of Repeatability Tests 

The results of the repeatability tests are shown in Fig 3.11 as 

histograms. Plotted in the same range, these histograms showed significant 

variability of bolt strains. Since the bolts are tightened with the same torque 

level, the results indicated that the preload caused by the torque wrench can 

vary significantly.  

 

(a) 

 

(b) 
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(c) 

Figure 3.11 Histograms of repeatability tests for each test bolt in each 
location: (a) Bolt 1 in each location; (b) Bolt 2 in each location; (c) Bolt 3 in 
each location. 

The histograms show that the range of strains is from 202𝝁𝝁𝝁𝝁 to 

2346𝝁𝝁𝝁𝝁, which corresponds to the preload from 1287 𝑵𝑵 to 13938 𝑵𝑵 by 

calculation using Equation (11). With the expected preload of 13722 𝑵𝑵, the 

range of uncertainty lies in 9.37% to 102%. This contrasts with the reported 

variability in the literature of between 85% and 90% [6, 7].  Thus, we can 

conclude that the variability of preload by using torque control method is 

significant.  
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3.3.3. ANOVA Analysis of Repeatability Tests Results 

 

Figure 3.12 Distributions within bolt groups. 

ANOVA analyses are completed in both bolt group and location 

group to further demonstrate the variability in bolt preload. Distributions 

within the bolt group and the location group are shown in Fig. 3.12 – 3.13. 
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The ANOVA tables are shown in Table 3.1 – 3.2. The p-value within bolt 

groups is 0.2532, which is much larger than 5%. This indicates the fact that 

every bolt is unique. Meanwhile, the p-value within location groups is 

0.0056, which indicates that the location will not affect the variability. 

 

Figure 3.13 Distributions within location groups. 
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Source SS df MS F Prob>F 
Columns 357081.7 2 178540.8 1.38 0.2532 

Error 46220051.5 357 129467.9   
Total 46577133.2 359       

Table 3.1 ANOVA table of bolt group. 

Source SS df MS F Prob>F 
Columns 1.3335× 106 2 666751.4 5.26 0.0056 

Error 4.52436× 107 357 126732.9   
Total 4.65771× 107 359       

Table 3.2 ANOVA table of location group.  
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Chapter 4 

Dynamic Experiments 

A series of impact tests are presented in this chapter. The Peak 

Finding and Fitting (PFF) algorithm is used for data processing when 

analyzing the data obtained from accelerometers. The dynamic experiments 

further demonstrate the variability of preload with torque control method. 

4.1. Impact Test Setup 

The experimental system is set up as shown in Fig. 4.1. Three 

machined bolts are installed onto the BRB. The BRB is then hung by two 

fishing lines to approximate free-free boundary conditions. The Model P3 

Strain Gauge Indicator and Recorder is used to measure the strain in all 
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bolts. Nominal pre-strain setup of 1847με (based on a bolt torque of 23.7 N ∙

m, which is 80% of the proof strength of the bolt) is used to set up every bolt 

before all of the hammer tests. Hammer tests are then completed under 

100N, 300N, and 600N. Tests are also completed under low pre-strain 

(1000 με) and high pre-strain (2797 με). For comparison purpose, tests are 

completed under different torque levels of 10.2 N·m, 23.7 N·m, and 

30.5N·m.  

 

Figure 4.1 Photo of the entire experiment assembly with bolts wiring to the 
strain gauge meter. 



  
 

35 
 

4.2. Impact Test Results 

The results for impact tests are shown as follows. All impact tests 

results are processed using the Peak Finding and Fitting method (PFF), 

which was developed by [49, 50].  

The frequency-amplitude diagrams under different torque levels are 

shown in Fig. 4.2. At the start of data recording, which is with higher 

amplitude, the variability of frequency is shown in Table 4.1. At the end of 

data recording, which is with lower amplitude, the variability of frequency is 

shown in Table 4.2. Undoubtedly, significant variability exists when using 

torque wrench for torque control, but it can also be observed that the 

variability decreases when using higher torque for bolt tightening.  

Moreover, the frequency changes by 3.5025% at maximum in a single 

impact test under low torque level, and the change decreases to 1.9385% 

under nominal torque level, and to 1.5573% under high torque level. The 

significant change happened in low torque level is indicative of transition 

from microslip to macroslip. To compare with the results of impact tests 

under different prestrains, strains in each bolt under different torque level are 

recorded in Table 4.3. It can be observed that the strains under low torque 
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level are as low as 200 to 300 approximately, which means the clamping 

force may be low enough to allow slip.  

 

Figure 4.2 PFF processed frequency-amplitude diagram under different 
tightening torque levels. 

Torque Level 

(N·m) 

Minimum 

Frequency (Hz) 

Maximum 

Frequency (Hz) 

Variability (%) 

10.2 148.6 150.9 1.548% 

23.7 154.6 157.1 1.617% 

30.5 158.6 159.3 0.441% 

Table 4.1 Variability of frequency under different torque levels at high 
amplitude. 
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Torque Level 

(N·m) 

Minimum 

Frequency (Hz) 

Maximum 

Frequency (Hz) 

Variability (%) 

10.2 151.5 153.4 1.254% 

23.7 157.6 158.4 0.508% 

30.5 159.9 160.7 0.501% 

Table 4.2 Variability of frequency under different torque levels at low 
amplitude. 

Torque Level 

(N·m) 

Strain in Bolt 1 

(με) 

Strain in Bolt 2 

(με) 

Strain in Bolt 3 

(με) 

10.2 332 229 322 

23.7 605 735 512 

30.5 830 1449 1280 

Table 4.3 Strains in three tested bolts under different applied torque level. 
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Figure 4.3 PFF processed frequency-amplitude diagram under different 
prestrains. 

The frequency-amplitude diagrams under different prestrains are 

shown in Fig. 4.3. At the start of data recording, which is with higher 

amplitude, the variability of frequency is shown in Table 4.4. At the end of 

data recording, which is with lower amplitude, the variability of frequency is 

shown in Table 4.5. 
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Prestrain (𝜇𝜇𝜀𝜀) Minimum 

Frequency (Hz) 

Maximum 

Frequency (Hz) 

Variability (%) 

1000 120.4 121.3 0.748% 

1847 158.2 159.9 1.075% 

2797 159.1 159.6 0.313% 

Table 4.4 Variability of frequency under different prestrain levels at high 
amplitude. 

Prestrain (𝜇𝜇𝜀𝜀) Minimum 

Frequency (Hz) 

Maximum 

Frequency (Hz) 

Variability (%) 

1000 121.7 123.2 1.233% 

1847 159.8 161.6 1.126% 

2797 160.6 161.0 0.249% 

Table 4.5 Variability of frequency under different prestrain levels at low 
amplitude. 

At the end of the impact test, less variability can be observed in the 

system with higher prestrains, which makes sense because higher strains 

correspond to higher clamping force according to Equation (11).  

It can be observed that the variability at the start of prestrain 

controlled tests is much smaller than that of torque-controlled tests. It can 

also be observed that the variability in prestrain controlled tests is almost 
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constant over time, which indicates that while the variability is partly caused 

by the nonlinearity of the structure, the variability changes observed in 

torque controlled tests are due to variability in preload more than the 

nonlinearity.  

Moreover, the frequency changes by 1.5603% at maximum in a single 

impact test under low prestrain, and the change is 1.6295% under nominal 

prestrain, and is 1.6102% under high prestrain. The consistence of the 

change further validates that the significant difference shown in torque-

controlled tests is caused by the variability in preload rather than the 

nonlinearity. However, the decreasing trend observed in frequency with each 

test is indicative of damage in the interface, specifically subsurface 

plasticity. The variability is much lower within strain control than torque 

controlled, indicates that a lot of experimental error is attributable to this 

issue [51].  
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Figure 4.4 PFF processed frequency-amplitude diagram different tightening 
torque levels vs. different prestrains (nominal and high). 

For further comparison, PFF processed data for nominal and high 

torque levels, and nominal and high prestrains are plotted in Fig. 4.4. It can 

be observed that the frequency in test of nominal torque (23.7 N·m) is 

significantly lower than other tests, while it is expected to be have similar 

frequency with the ones under 1847 με. This can be explained by the actual 

low prestrains in Table 4.3, compared to the expected values of 1847 με. 
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This further demonstrates that torque controlled experiments can introduce 

large experimental errors, and it has significant ramifications for model 

updating and calibration.  

Torque Level or Prestrain Linear Frequency 𝜔𝜔0 

1847 με 160.8 Hz 
2797 με 160.9 Hz 

23.7 N·m 158.1 Hz 
30.5 N·m 160.5 Hz 

Table 4.6 Central Frequencies for every torque level or prestrain. 

For further discussion, the data is plotted by the ratio between 

frequency and linear frequency shown in Table 4.6. The frequency-linear-

frequency ratio diagram of nominal torque level and nominal prestrain tests 

are shown in Fig 4.5. It can be observed that the frequency trend scatters, 

where the variability is up to 0.4%. This also shows the variability in bolts 

dynamic behaviors due to the uncertainty of preload provided by torque 

specified tightening method at nominal torque level. It is curious that the 

jointed structure tightened by prestrain method shows more nonlinearity, but 

this could be within experimental error [51]. The frequency-linear-frequency 

ratio diagram of high torque level and high prestrain tests are shown in Fig 

4.6. These results indicates that with higher torque level applied, the 
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tightening state under torque control method will be more closer to the 

expected state.  

 

Figure 4.5 Frequency-central-frequency ratio diagrams of nominal torque 
level and nominal prestrain. 
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Figure 4.6 Frequency-central-frequency ratio diagrams of high torque level 
and high prestrain. 

 

Figure 4.7 Figure of damping ratio under different torque levels. 
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Figure 4.8 Figure of damping ratio under different prestrain 

The figures of damping ratios under different torque levels and 

different prestrains are plotted in Fig 4.7 – 4.8. It can be observed that in the 

figure with torque control method, it is not possible to deduce a trend since 

the uncertainty in the actual preload of the bolts significantly affect these 

results. By contrast, in prestrain control experiments, a very clear trend 

emerges.  
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Chapter 5 

Conclusion and Discussion 

Based on a basic concept of the torque-tension relationship within 

bolts, this thesis investigated the uncertainty of the transition from applied 

tightening torque to bolt preload experimentally. To quantify the uncertainty, 

three sets of experiments are completed: accuracy assessment tests, 

repeatability tests, and impact tests. The last experiment, impact tests, is 

used to assess the ramifications of the measured uncertainty on the dynamic 

response of a jointed structure.  

Based on the experimental results, the major conclusions of this thesis 

are: 
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1. Significant variability of preload exists, which is from 1287 𝑁𝑁 to 

13938 𝑁𝑁 (9.37% to 102%). This is in stark contrast to the accepted 

values in the literature of 85% to 90%. 

2. When tightening to a torque of 23.7 N·m, the expected strains is 

around 1,847με; however, the histograms of repeatability tests 

showed that the median strains are between 1,000με and 1,200με.  

3. The amplitude dependent frequency of jointed structures can be 

measured via impact tests under different torque levels. The 

frequency change is more repeatable in tests under different 

prestrains. This indicates the that variability is introduced by the 

uncertainty of preload with certain torque. 

4. From both repeatability tests and impact tests, the accuracy and 

reliability of prestrain method for tightening bolts can be observed, 

while using torque wrenches may lead to significantly lower 

preloads than expected. 
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Chapter 6 

Future Work 

 

Future work based on this project will include the development of a 

non-invasive method for prestrain tightening, and preventing the jointed 

structure from overtightening. A potential method for non-invasive method 

is taking advantage of DIC, which allows the camera to capture slight move 

of spackles on the part or the bolt (Fig. 5.1). However, since DIC is a highly 

sensitive measuring method, the focal length of the camera can only focus 

on a specific height when capture pictures. Thus, the measurement can only 

take place either on the jointed structure surface, or the plane of two washers 

at the bolt head and the nut. This restrain the accuracy of strain measuring 

and lead more uncertainties into the experiment. Thus, further design and 

discussion are needed to develop the digital image correlation method [53] 

into use for prestrain tightening. 
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What is more, since the strain gauge is sensitive, while the strain 

gauge meter has a limited sampling time, the strain readings always take up 

to two minutes for the number on the meter to stop changing. This leads to 

the result that overtightening may happen anytime during real experiments 

of prestrain tightening, whereas the torque wrench can provide a very clear 

signal for tightening completion with a click. It will be a valuable problem to 

look at in further experiments based on prestrain tightening method.  

 

Figure 6.1 Photo of DIC experimental assembly with force washer.
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