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Abstract 
Based on the customers` increasing demands on the precision of the preload in a screw joint 
Atlas Copco is investigating the opportunity to integrate ultrasonic technologies in their 
industrial tools in order to be able to measure the screw elongation and thereby preload. 
The preload in a screw joint is important when trying to optimize the joint in terms of weight 
and life time. The ultrasonic technology for preload measurements has two large 
advantages; the technique requires only access to the screw head and it is completely 
independent of the friction in the joint which enables more accurate measurements of the 
preload.  

In ultrasonic preload measurements the time of flight is measured (i.e. time for ultrasonic 
waves to travel through the screw). The time can be transformed into length and elongation 
by use of the sound velocity. Of importance in this calculation is to take the so called 
acoustoelastic effect into account which predicts a lower longitudinal wave velocity with 
increasing tensile stress. The purpose of this master thesis is to develop a method that can 
predict screw elongations from ultrasonic measurements.  

Finite element simulations showed that the acoustoelastic ultrasonic constant only depend 
on the ratio between the clamp length and the screw diameter up to a certain degree of 
accuracy. A function of type = ∙

∙
 where a, b and c are real-valued constants and =

 is the clamp length ( ) divided by the screw diameter ( ) fits the data well. 
However, the ultrasonic measurements showed some deviations from the theoretical 
predictions.  
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Sammanfattning 
Utifrån kundernas ökande krav på precision av förspänningkraft i skruvförband utreder nu 
Atlas Copco möjligheten att förse sina industriverktyg med ultraljudsteknik för att kunna 
mäta skruvarnas förlängning och därigenom förspänningskraft vid förspänning. Hög 
precision av förspänningskraften är av största vikt om man vill kunna optimera skruvförband 
utifrån vikt och livslängd. Ultraljudstekniken för att bestämma ett skruvförbands 
förspänningskraft har två stora fördelar; tekniken kräver endast åtkomst av skruvhuvudet 
och den är helt oberoende av friktionen i förbandet vilket möjliggör mer exakta mätningar av 
förspänningskraften.  

Ultraljudstekniken för att bestämma ett skruvförbands förspänningskraft mäter tiden för eko 
av ultraljudsvågor i skruven. Tiden kan sedan med hjälp av ljudhastigheten räknas om till 
skruvens längd och förlängning. Det är viktigt att i dessa beräkningar ta hänsyn till den så 
kallade akustoelastiska effekten vilken predikterar en lägre våghastighet med ökande 
dragspänning. Examensarbetets syfte är att utveckla en metod som kan förutse 
skruvförlängningar från ultraljudsmätningar. 

 Finita element simuleringar visade att den akustoelastiska ultraljudskonstanten endast 
beror på kvoten mellan klämlängd och skruvdiamter upp till en viss noggranhet. En funktion 
av typen = ∙

∙
 där a, b och c är reella konstanter och =  är klämlängd dividerat 

med skruvdiameter passar uträkningarna bra. Ultraljudsmätningarna visade dock vissa 
avvikelser från simuleringarna.   
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Nomenclature 
A Area   

,  and           Combinations of second and third order elastic constants  

E Young’s modulus 

  Preload  

k Velocity constant  

K Screw stiffness  

  Bulk modulus  

  Ultrasonic constant  

l, m and n Murnaghan constants  

  Initial screw length at no stress 

  Length of screw head 

  Length of nut 

  Distance from nut underside to screw end surface  

  Clamp length  

   Torque at the screw head 

   Torque in the threads  

P  Thread pitch  

TOF  Time of flight  

  Sound velocity 

                        Average sound velocity 

  Speed of sound at no stress 

   Lengthwise parameter in screw 

  Half of the thread profile angle 

  Actual elongation  

   Ultrasonic elongation  

  Strain 

λ    Lame constant  
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  Lame constant  

   Friction coefficient at the screw head  

  Friction coefficient in the threads  

   Density  

   Tensile stress 

   Shear stress 

   Thread helix angle 

 

 

 

 

Thread: Three-dimensional helical pattern on a cylindrical body. An internal thread (nut) is 
intended to fit an external thread (screw). 

Screw: External threaded cylindrical body, intended for fastening, joining, power 
transmission or transfer of motion.  

Nut: Internal threaded body, intended for fastening, joining, power-transmission or transfer 
of motion.  

Screw joint: Removable joint of at least two threaded parts.   

Clamp force: Axial force exerted by the screw on the clamped parts. 

Preload: Axial force in the screw after mounting the screw joint. 

Clamp length: Distance between the bottom of the screw head and the top of the nut.  
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1 Introduction  

1.1 About Atlas Copco industrial technologies 
Atlas Copco is a world leading manufacturer of innovative industrial tools and assembling 
solutions. The company’s products are used in over 180 countries for manufacturing of 
vehicles, airplanes and electronics.   

Their products are electrical, pneumatic, hydraulic and wireless assembling tools. This 
includes screwdrivers, nutrunners and torque wrenches. The application areas demand high 
requirement on the products in terms of both precision and strength in order to make sure 
that the costumer’s production runs properly.  

Atlas Copco was founded in 1837 and currently has over 45 000 employees with a sale of 
100 billion SEK per year. Their headquarter is located in Stockholm, Sweden [1].    

 

1.2 Background 
Based on the customers’ increasing demands on the precision at the preload in a screw joint, 
Atlas Copco is investigating the opportunity to measure the preload during tightening with 
ultrasonic technologies integrated in the tools. The preload in a screw joint is important 
when trying to optimize the joint in terms of weight and life time.  

Today, one usually tightens the screw with a specified torque or with a specified torque 
followed by a specified angle. These methods are dependent on the friction in the joint that 
leads to large variation in the preload. When a joint is tightened with a specified torque the 
preload can differ by 25-60 % [2].     

On the other hand, the ultrasonic technology is completely independent of the friction in the 
screw joint and therefore it enables more accurate tightenings (i.e. more accurate preload) 
and allows the use of a smaller screw. Thus the customers can reduce the weight of their 
products.  

In ultrasonic preload measurements the difference in time of flight between tightened and 
untightened screw is measured (i.e. time for ultrasonic waves to travel through the screw). 
The difference in time of flight can be transformed into elongation by use of the sound 
velocity, i.e. the ultrasonic elongation = ∙∆  where  is the longitudinal wave 
velocity and ∆  is the difference in time of flight.  

The ultrasonic elongation will be larger than the actual elongation. Of importance in the 
transformation from difference in time of flight to elongation is to take the so called 
acoustoelastic effect into account which predicts a lower longitudinal wave velocity with 
increasing tensile stress.  
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Figure 1: The ultrasonic equipment transform difference in time of flight to elongation using a constant sound velocity that is 
greater than the actual one. The ultrasonic elongation is divided by two since the difference in time of flight is measured for 
the pulse going back and forth in the screw.  is the actual screw elongation,  is the strain, E is the Young’s modulus, k is 
the velocity constant and ( ) is the non-constant sound velocity within the screw due to the acoustoelastic effect .  

Since the sound velocity in a tightened screw is non-constant due to the acoustoelastic 
effect the correct way to calculate the elongation would be by integration (see figure 1). The 
actual screw elongations is given by integrating the strain along the screw, where the strain 
can be rewritten as function of the non-constant sound velocity using Hooke’s law and the 
acoustoelastic longitudinal wave velocity relationship (i.e. = − ). Fortunately the 
ultrasonic elongation and the actual elongation are linked via a linear relationship =

∙ , where  is the ultrasonic constant. For a given screw joint the ultrasonic constant 
has a characteristic value.     

 

1.3 Purpose 
The purpose of this thesis is to find a relationship between ultrasonic and actual elongation 
for a given screw joint when it is preloaded. Moreover, the paper aims to discover the 
factors that affects the relationship between ultrasonic and actual elongation. The secondary 
purpose is to gain knowledge about screw joints and its mechanics, and ultrasonic 
techniques.  

 

1.4 Methodology 
The first part of this thesis mainly focuses on practical and theoretical studies in order to 
achieve deeper understanding of the subject and to understand which types of problems can 
arise during the measurements. This was accomplished by reading articles, studying Atlas 
Copco’s previous work within the subject area, planning the measurement setup and testing 
Atlas Copco’s previous measurement setups. Furthermore, FEM-simulations of the screw 
joints were made in order to get an understanding of which parameters have large impact 
on the stress state of the screws.  
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The second part is mainly focused on measurements and improvements of the 
measurement setup – the data from the measurements are interpreted and analyzed. From 
the interpreted and analyzed measurements conclusions are drawn in order to reflect on 
regarding the relationship between ultrasonic and actual elongation for different types of 
screw joints.  

1.5 Limitations 
In this thesis, the clamped parts are assumed to be infinitely stiff and cannot be deformed. 
Moreover, the screws will only be loaded within the elastic region, i.e. there will be no 
residual deformations after unloading. The screw joints will only be loaded lengthwise.  
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2 Theory 

2.1 Screw joints 
A screw joint is a type of joint where different parts, e.g. two plates are clamped together 
using screws (see figure 2). One separates preloaded and non-preloaded screw joints. In a 
preloaded screw joint, the joint is given a preload upon assembling, i.e. the screw is 
extended meaning that the clamped parts are pressed against each other. The load which 
the joint will carry should never be larger than the preload in order to make sure that the 
clamped parts never separates from each other. One often chooses a preload that is twice as 
large as the load that the joint will carry. Initially the clamping force in the joint is equal to 
the preload, hence the clamping force in the joint will change during load. However in non-
preloaded screw joints no preload is given, instead the load is absorbed as a tensile stress in 
the screw shaft and as shear stress in the threads. This type of joint is primarily used as a 
dynamic joint.  

 

Figure 2: Example of a screw joint, hexagonal shaped screw head and nut [2]. 

This thesis will only deal with preloaded screw joints. 

Screw joints are divided into three groups based on functionality: 

1. High-strength joints 
2. Low-strength joints 
3. Sealing joints  

High-strength joints use screws of strength class 8.8 and 10.9 [2]. 

Low-strength joints use screws without any strength class.  

Sealing joints mainly contain hole screws, pipe fittings and hose clamps.  

The screw joints can also be divided into three other groups: 

1. Dynamic clamping force critical  
2. Statically clamping force critical  
3. Position critical  
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Dynamic clamping force critical is exposed to at least 5 % of the preload more often than 
once per minute.  

Statically clamp force critical is exposed to at least 5 % of the preload less than once per 
minute. 

Position critical is exposed to maximum 5 % of the preload regardless of the occurrence.  

 

2.2 Tightening 
When a screw or nut is exposed to a torque, an axial motion between them will arise. This 
will extend the screw due to the combination of tensile- and shear-stresses (see figure 3).  

Applying a torque to a screw results in 90 % usage of the torque to overcome the friction at 
the screw head and in the threads. Only 10 % will be left to get an axial force in the screw 
which results in an extension of the screw; the clamped parts are pressed against each other 
with a force equal to the one in the screw [2]. The relationship between applied torque and 
preload in a screw is of great importance since most of the tightening procedures today are 
based on this relationship. One calculates the torque that is needed in order to get a specific 
preload in the screw, i.e. torque tightening. 

The torque needed to reach a specific preload value depends on: the screw geometry, the 
friction between screw head and adjacent clamped part, and the friction in the threads. 

 

 

Figure 3: Tightened screw, clamped parts are pressed against each other when a torque is applied to the screw head or the 
nut. 
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2.2.1 Tightening techniques 
Different tightening techniques are used in the industry today. One usually choose methods 
according to how critical the joints are. A tightening technique’s accuracy is determined by 
how well it predicts the preload. As a rule of thumb, more accurate tightening techniques 
requires more expensive/advanced technologies. Some of the most common tightening 
techniques are listed below.   

 

2.2.1.1 Torque tightening 
Torque tightening is the most common tightening technique. One simply calculates which 
torque should be applied in order to get a specific preload. However, the method is friction 
dependent, which leads to large variations in the preload (under tough conditions the 
variation in preload can reach 60 % [2]). The advantage of this method is its simplicity; the 
tightening instructions can be specified as one torque number.  

 

Figure 4: Torque tightening, only the torque is monitored. The green area is the allowed mounting region [3]. 

 

2.2.1.2 Torque and angle tightening 
In order to minimize the frictional impact on the tightening, torque and angle tightening can 
be used. The screws are first tightened with a pretorque followed by angle steps. The 
pretorque should be chosen as low as possible to minimize the frictional impact. When the 
screw is tightened with angle steps the torque is monitored. Adding the parameter of angle 
at the tightening narrows the allowed zone (see figure 5). To perform a tightening with 
torque and angle control an electronic torque wrench equipped with a gyroscope or an 
electronic screwdriver with torque and angle control is required.   

 

Figure 5: Torque and angle tightening, torque and angle are monitored. The green area is the allowed mounting region [3]. 
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2.2.1.3 Gradient-controlled tightening 
Gradient-controlled tightening utilizes the torque-angle curve during the tightening. Initially 
the screw is given a pretorque to ensure that the screw is completely in contact with the 
clamped parts. When the gradient decreases to a certain value the yield point is said to be 
reached and the tightening ends (see figure 6). This method utilizes the screw capability 
almost completely (up to 98 %). However the method requires advanced/expensive 
technology.  

 

Figure 6: Gradient-controlled tightening, the torque-angle gradient starts to decrease. 

 

2.3 Methods for measuring preload 
Some of the most common methods for measuring preload used today are listed below. It 
should be mentioned that some of the techniques for measuring preload also could be used 
as tightening techniques.  

 

2.3.1 Pressure paper 
The preload can be measured by placing a pressure sensitive paper between the clamped 
parts before assembly (see figure 7). The paper will change color when it is subjected to a 
pressure. After disassembly the color of the paper can be compared to a color scale in order 
to determine the preload. This method gives a rough approximation of the preload, with an 
accuracy of ± 50 % [2]. 
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Figure 7: Pressure paper after disassembly [2]. 

 

2.3.2 Ultrasonic 
Ultrasonic measurements are echo sounder techniques for measuring the preload in a screw 
joint. An ultrasonic sensor is placed on the top of the screw head (see figure 8). The sensor 
will send ultrasonic waves through the screw which will be reflected against the bottom and 
come back to the sensor. The difference in time of flight (∆TOF) for ultrasonic waves to 
travel through the screw (between tightened and untightened screw) is measured and the 
elongation can be calculated using: 

= ∙∆     (2.1) 

Where  is the speed of sound in the screw material at no stress. 

When the elongation has been calculated the preload can be calculated using: 

= ∙    (2.2) 

Where  is the stiffness of the screw joint. 

This method is not perfect as the sound velocity of a preloaded screw will decrease 
compared to . This phenomenon is caused by the acoustoelastic effect. In most cases, the 
elongation given in equation (2.2) is three times higher than the actual one.  

The calibration value for the ultrasonic type of measurements needs to be calculated 
separately. The calibration method provides measurement accuracy of approximately 20 % 
[2]. In order to measure the preload with ultrasonic it is necessary that the end surfaces of 
the screws are flat and it also requires a glycerin oil or a piezo electrical chip between the 
sensor and the screw head.   
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Figure 8: Ultrasonic setup [2]. 

 

2.3.3 Dial indicator 
A dial indicator measures the elongation of the screw mechanically. This method requires 
access to both end surfaces of the screw and therefore it is difficult to use it on an 
assembled screw joint (see figure 9). If the stiffness of the screw joint is known, the preload 
can be calculated. This method gives a good approximation of the preload, with an accuracy 
of ± 20 % [2].  

 

Figure 9: Dial indicator [2]. 

 

2.3.4 Strain gauges 
Strain gauges is an electrical component glued to the screw shaft (see figure 10). When the 
screw joint is preloaded the wire strain sensor is stretched and a resistance difference can be 
detected and converted in to an elongation of the screw. After mounting the strain gauge it 
has to be calibrated, this can be done in a tensile testing machine. To be on the safe side, 
one usually glue several sensors in the form of a full Wetson bridge. This method results in a 
measurement error of ± 5 % in the preload [2]. Even though the method gives a good 
accuracy, it requires a lot of preparation.  
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Figure 10: Bounded strain gauge [2]. 

 

2.3.5 Clamping force sensor 
Clamping force sensors are components that measures the preload directly in a screw joint 
and are mounted in the screw joint (see figure 11). This requires the use of a longer screw 
than the one in the real joint. One disadvantage is that the sensor will change the properties 
of the joint and it is difficult to mount the sensor. Clamping force sensors provides a 
measurement error of ± 5 % when measuring the preload [2]. 

 

Figure 11: Clamping force sensor mounted in a screw joint [2]. 

 

2.4 Screw stiffness  
When the actual screw elongation is known one usually wants to convert it to preload. This 
is done by the linear relationship  = , where K is the total screw stiffness. Therefore, 
it is fundamental to know how to calculate the total screw stiffness.  

A screw can be viewed as springs connected in a series. Each spring represents a part of the 
screw. If the screw is loaded with a lengthwise force F the force in each part will be F due to 
force equilibrium. For each part the elongation is given by: 

= ∙   (2.3) 

Where  is the length,  is the area and  is the Young’s modulus for the screw material.  
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Using the expression for  (2.3) gives the stiffness for each part as: 

=   (2.4) 

The total screw deformation is given by summing the deformations for each part:  

= ∑ = ∑ ∙ = ∑   (2.5) 

Comparing against =  gives the inverse of the total stiffness as: 

= ∑ = ∑   (2.6) 

The screw is usually divided into screw head, unthreaded shaft, free threaded shaft and 
threaded shaft. 

 

2.5 Relationship between applied torque and preload 
The relationship between applied torque and preload in a screw joint is essential since most 
of the modern tightening’s are based on this relationship. 

The relationship between preload and torque in the threads is given by [2]: 

=     (2.7) 

Where  is the friction coefficient in the threads,  is half of the profile angle,  is the helix 
angle for the threads and P is the thread pitch (see figure 12).  

For a screw with profile angle according to ISO-standard = 60  (see figure 12) the 
relationship can be reduced to [2]: 

= (0,16 + 0.58 )  (2.8) 

Where  is the screw shaft average diameter.  

The relationship between preload and torque at the contact area between screw head and 
adjacent clamped part is given by [2]: 

 =   (2.9) 

Where  is the friction coefficient between screw head and adjacent clamped part,  is 
the outer contact diameter and  is the inner contact diameter.  

Summarizing the two torques gives the total torque, with the earlier assumption about the 
profile angle and having equal friction coefficients gives ( = = ):  

= 0,16 + (0.58 + 0.5 )   (2.10) 

Where  is the average contact diameter.   
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Figure 12: Thread profile with = 60 according to ISO-standard [3]. 

 

2.6 Stresses in a preloaded screw 

 

Figure 13: Stresses in a preloaded screw [2]. 

When tightening a screw it is provided with a preload  and a thread torque  (see 
figure 13). This yields a tensile and a shear stress. The tensile stress is given by: 

 =   (2.11) 

Where A is the stress-carrying area. The maximum shear stress is given by: 

=   (2.12) 

Where  is the torsion section modulus and is given by [2]: 

= ( )   (2.13) 

Where  is the thread average diameter and  is the screw inner diameter. 
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To investigate the effective stress in the screw von Mises effective stress can be calculated 
using [2]: 

= + 3  

Plastic deformation is said to be reached when the effective stress is equal to the yield 
strength according to von Mises yield criterion.  

 

2.7 Ultrasonic  
The technique for measuring preload in a screw joint with ultrasonic is quite simple. A 
transducer combined with a converter is placed on the screw head, usually a piezo electrical 
chip (see figure 14). The converter transforms an electrical signal to a mechanical sound 
wave that has a frequency in the ultrasonic range. The sound wave travels along the screw 
and reflects against the screw bottom and bounces back to the transducer/converter where 
it will be converted to an electrical signal again. A measurement equipment sends and 
receives the electrical signal. The back coming signal will be much weaker than the initial 
signal so the measurement equipment has to amplify it. The measurement equipment 
simply measures time of flight of the soundwave. 

When the screw is tightened, the time of flight will increase due to two factors; the 
extension and the decreased sound velocity. The decreased sound velocity has the greatest 
impact on the time of flight. The usage of a piezo electrical chip requires a coupling medium 
between the screw head and the chip so the signal is strong enough to be detected. A 
commonly used coupling medium is glycerin. 

 

 

Figure 14: Setup for measuring screw elongation with ultrasonic [2]. 

 

 

Ultrasonic waves have a frequency over 20 kHz. If the preload is measured with ultrasonic, 
waves between 5-15 MHz are used. To create waves in the given frequency range one 
usually utilizes the piezo electrical phenomenon. Piezo electricity is the ability to create an 
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electrical impulse from mechanical stress. The discussed frequency is the crystal resonance 
frequency. A thin crystal will have a higher resonance frequency compared with a thick one.  

The piezo electrical effect is reversible, meaning that an electrical impulse can be converted 
to a mechanical wave and conversely. As a result, a piezo electrical material can both be 
transmitter and receiver – this is utilized in the ultrasonic technique.  

Two different types of waves can be used in the ultrasonic technique for measuring preload 
in a screw joint; longitudinal and transverse. Longitudinal waves vibrates parallel to the wave 
propagation and transverse waves vibrates perpendicular to the wave propagation. 
Longitudinal waves propagates in steel with a velocity of approximately 5900 m/s at no 
stress. The most commonly used wave for measuring preload is the longitudinal because it 
can be transmitted by liquid couplant.  

Choosing frequency is a trade off between two parameters; bandwidth and absorption. 
Increasing frequency will give a lower bandwidth, leading to more focused waves and 
causing minor disturbances in the signal. On the other hand decreasing frequency results in 
less absorption of the wave in the material and thus the reflected signal will be stronger.  

Spreading and absorption can be summarized under damping, the damping for waves 
travelling in steel is approximately 0.1 dB/mm at a frequency of 5 MHz.  

 

2.8 Analysis of ultrasonic measuring signals 
The analysis of the ultrasonic signals can be done in two different ways; impulse-echo and 
echo-echo. The impulse-echo method measures the time between sending the electrical 
signal and receive it after reflection.  

 

Figure 15: Principles of the impulse-echo and the echo-echo methods [4]. 
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This means that time delay in cables, measurement equipment, sensor and couplant have to 
be taken into account. The time delay in the first three components can be considered as 
stable, however it is difficult to predict the time delay in the couplant.  

On the other hand the echo-echo method eliminates the time delay effect by comparing 
several different echo’s against each other (see figure 15). In this way the period for several 
echo’s can be calculated. The method requires that the echos are fairly similar such that they 
can be accumulated.  

 

2.9 Acoustoelastic effect – deriving sound velocity as function of stress 
The theory will be restricted to strains/stresses impact on longitudinal wave velocities since 
only longitudinal wave velocities affect the TOF in a screw joint when using ultrasonic for 
measuring preload.   

Elastic longitudinal waves propagating in an isotropic unloaded material travels with a speed 
given by [5]:   

= =   (2.14) 

Where  is the density, λ and μ are the Lame constants (second order elastic constants) and 
K is the bulk modulus (K and μ are another way of describing the elastic properties of a 
material).  

The bulk modulus can be written as a function of the Lame constants [5]:  

= (3λ + 2μ)/3  (2.15) 

The most widely used method for describing the acoustoelastic effect applies the results 
from Hughes and Kelly [6], who utilizes the Murnaghan’s theory [7] and the third order 
terms in the elastic energy for a solid material.  

The acoustoelastic effect describes how the sound velocity is affected in an elastic material 
which is subjected to a static stress field. The phenomenon is derived from a non-linear 
effect in the relationship between the stress and the strain. Classical linear elastic theory 
involves elastic constants λ and μ which provide constant sound velocity in the material 
regardless of the stresses. On the other hand, the acoustoelastic effect includes higher order 
terms in the relationship between stress and strain which provides stress dependent sound 
velocities.   

The acoustoelastic effect was introduced 1925 by Brillouin [8]. He found that the sound 
velocity would decrease proportional to an applied hydrostatic pressure. A consequence of 
this finding is that sound waves would stop propagating at a given pressure. This exorbitant 
statement was later shown to be incorrect; Brillouin had assumed that the elastic 
parameters were not affected by the stress field in the material.  
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In 1937 Murnaghan presented a mathematical theory extending the linear elastic theory to 
include finite deformations. Murnaghan’s theory included three third-order elastic 
constants; l, m and n. In 1953 Huges and Kelly used Murnaghan’s theory to calculate 
numerical values for l, m and n in different materials. 

2.9.1 Linear wave equation 
Assume that a small dynamic deformation interferes with an already statically loaded 
material. The acoustoelastic effect can be interpreted as a small deformation imposed on a 
larger deformation, also known as the small-on-large theory [9].  

Now, define three states for a material point. In the unloaded state the coordinate of the 
point is , in the statically loaded state the coordinate is ̅ and finally ′ when the material is 
both statically and dynamically loaded.  

The total deformation of the material point can now be expressed as: 

= ̅ − = +   (2.16) 

Where = ̅ −  and = ′ - ̅ are the static and dynamic deformation of  respectively. 

Assume that the small-on-large theory can be applied, i.e. [9]: 

| | ≪ | |  (2.17) 

Cauchy’s first law of motion from the continuum mechanics states that [10]: 

̅̇ = ∇ ∙                                                                                                                                       (2.18) 

Where  is the density, ̅̇  is the time derivative of the velocity and  is the stress. 

The unloaded and statically loaded state are time independent which gives: 

= = 0  (2.19) 

The left hand side of equation (2.18) can be written as: 

̅ ′̈ = ( + ) = ( + + ) =   (2.20) 

For the space dependent part of Cauchy’s first law of motion (equation (2.18)) the reader is 
referred to [10]. 

Cauchy’s first law of motion in tensor form becomes: 

=   (2.21) 

This equation is known as the linear wave equation where  is given by: 

= + + + + + +   (2.22) 

and where  is a fourth-order tensor of second order elastic constants while  is a 
sixth-order tensor of third-order elastic constants.  
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Consider a plane wave of the form: 

= ( ∙ ̅ − )  (2.23) 

Where  is a unit vector in the direction of propagation,  is an unit vector in the direction 
of vibration, c is the phase wave speed and f is a twice continuously differentiable function.  

Longitudinal waves corresponds to = .  

Inserting the expression for  in the linear wave equation (2.21) yields [11]: 

( ) ∙ = ∙   (2.24) 

Where ( ) is introduced as the acoustic tensor defined by [11]: 

[ ( )] =   (2.25) 

The velocities can now be calculated from the characteristic equation [11]: 

 ( ( ) − ∙ )̅ = 0                                     (2.26) 

Where  ̅is the identity matrix. 

Solving the linear wave equation results in three different wave velocities; one longitudinal 
and two transverse. If the wave propagation is in the 1-direction the longitudinal wave 
velocity is given by [5]: 

= λ + 2μ + (2l + λ)( + + ) + (4m + 4λ + 10μ)              (2.27) 

The first index indicates how the waves are propagating and the second one indicates the 
vibration direction. 

In order to derive an equation that describes the stress impact on the sound velocity it is 
assumed that the strain and the stress have common principal axis. Using Hooke’s 
generalized law of equation (2.27), it can be rewritten as a function of the stresses. 

Changing λ + 2μ to  according to (2.14) and taking into account that the wave velocity 
change is small (i.e. + ≈ 2 ) yields [5]:  

= + ( + )  (2.28) 

Where  A ,  and  are combinations of second and third order elastic constants given by 
[5]: 

= 2(λ + μ)(4 + 5λ + 10μ + 2l) − 2λ(2 + λ)  (2.29) 

= 2(2 + λ)(λ + μ) − λ(2 + λ) − λ(4 + 5λ + 10μ + 2l)  (2.30) 

= 4 (λ + 2μ)(3λ + 2μ)  (2.31) 

For an axially loaded screw joint the only non-vanishing stress is , solving for  yields: 

= + = −   (2.32) 
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Where = −  is the velocity constant; for steel k≈ 6 ∙ 10 . 

2.10 Derivation of ultrasonic constant in 1D  
The theory in this section will be restricted to 1D (i.e. having a long clamp length compared 
to the screw diameter see figure 16).   

 

Figure 16: Long thin screw, the clamp is much larger than the screw diameter. 

 

 

Figure 17: Unloaded, unloaded screwed and loaded screw with deformations.  

The deformation of the screw shaft is given by (see figure 17): 

= − ( + )   (2.33) 

Where  and  are the bulges at the nut and at the screw head, and  is the screw 
elongation.  

 and  can be calculated by integrating the strain: 

=   (2.34) 

=   (2.35) 
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Where  is the strain in the screw shaft (see figure 18). The strain is assumed to be linear in 
the nut and in the screw head.  

The stress in the screw shaft is given by: 

= = 1 −   (2.36) 

 

 

Figure 18: Strain as function of z, z=0 corresponds to the upper part of the screw head. The strain is assumed to be linear in 
the nut and in the screw head. 

The time of flight for a tightened screw is given by integrating the length of an integration 
element divided by the ultrasonic velocity: 

= 2 ∫ ( ( ))
( )

= 2 ∫ ( ( ))
( )

  (2.37) 

Let: 

( ) = ( )  (2.38) 

( ) = ( ) = ( )  (2.39) 

Where f(z) can be seen in figure 19. 
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Figure 19: f(z), z=0 corresponds to the upper part of the screw head. f(z) is assumed to be linear in the nut and in the screw 
head.  

Inserting (2.38) and (2.39) in (2.37) yields: 

= 2 ∫ ( ( ))
( )

= ∫ ( ( ))
( )   (2.40) 

Since 1 ≫ ( ) the series expansion = 1 +  could be used, this gives: 

= ∫ 1 + 1 + ( ) = + 1 + +   (2.41) 

where  corresponds to the time of flight for an untightened screw and 

 = + + + . The difference in time of flight is therefore given by: 

∆ = 1 + +      (2.42) 

Replacing +  by  according to (2.33-2.35) yields: 

∆ = 1 +      (2.43)  

The ultrasonic constant [12] = ∆
∆

= ∆ = = 1 +                            (2.44) 

With numerical values ( = 200 , = 5900 , = 5,89 ∙ 10  / ∙ ) we get: 

 ≈ 3,0 
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3 FEM-simulations 
FEM-simulations were conducted during the pre-study in order to get an understanding on 
how the stress state is distributed in the screw and which parameters effect the time of 
flight when the screw joint is preloaded. Another reason for the simulations was to get a 
reference for the ultrasonic measurements.  

The simulations was made with the commercial FEM software ANSYS Multiphysics. A 
simplified model of the screw joint was used without any threads. The shafts, nuts and screw 
heads were modelled as cylindrical bodies bounded together with glue joining (see figure 
20). All parts were modelled as ANSYS built-in material; structural steel. Diameter and length 
of screw head and nut were chosen according to the real physical screws. The infinitely stiff 
clamped parts were modelled by the boundary condition fixed support on the screw head 
underside and nut top. Fixed support means that all degrees of freedom are locked to zero. 
Another approach could have been to allow the nodes lying on the screw head underside 
and nut top to move radially. However, this did not affect the results.  

 

Figure 20: Simplified model of the screw joint. 

 

 

The preload was modelled by controlling the screw elongation with ANSYS integrated bolt 
pretension. The bolt pretension cuts the screw in the middle of the shaft and moves the 
surface nodes with a specified distance. 

Prism elements were used in order to get nodes laying along the screw midline (see figure 
21). 
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Figure 21: Screw joint meshed with prism elements. 

The stresses in the lengthwise direction for nodes laying along the screw midline were saved 
for post-procedures (see figure 22). Thus the ultrasonic waves are assumed to travel 
perfectly along the screw midline.  

When the stresses in each node were known from the simulation, the sound velocity at each 
node could be calculated using equation (2.32): 

= −   (3.1) 

Where i is the node number,  is the speed of sound at no stress and k is the velocity 
constant. 
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Figure 22: Normal stress in the lengthwise direction for nodes laying along the screw midline for a M12 screw using a clamp 
length of 46mm.  

 

The time for the ultrasonic waves to travel between two nodes are given by: 

=        (3.2) 

Where  is the lengthwise coordinate without the displacements from the preload such 
that ∑ = + + + . The sound velocity between two nodes are assumed to be 
the mean value of the two nearby nodes.  

The total time for ultrasonic waves to travel across the screw once is given by summing all 
 and adding the actual elongation contribution: 

= ∑ +   (3.3) 
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Thus the two contributions for increasing TOF have been separated, the two contributions; 
actual elongation and decreased sound velocity could be joined by adding the displacements 
to  and use equation 3.2 and 3.3 without the actual elongation contribution.  

∆  is given by: 

∆ = 2( − )  (3.4) 

Where  is the TOF at no stress i.e. .  

The ultrasonic constant (also known as the factor 3) can be calculated using the following 
approximation [12]:  

 

 = ≈ ∆
∆

= ∆   (3.5) 

 
 

 

 
 

 

 

 

 

 

 

 

 

 



Ultrasonic measurement and analysis of screw elongation 
 

25 
 

4 Measurements  

4.1 Measurement equipments  

4.1.1 DEWE 43 A and displacement sensor HS5 
The actual screw elongation was measured using a displacement sensor HS5 from the 
manufacturer measurement group (see figure 24). The displacement sensor use a fully active 
350-ohm strain-gage bridge to sense spindle displacements. The sensor is equipped with a 
protruding rod and is in contact with the screw underside during the measurements. When 
the screw is tighten and extended it will push the rod into the sensor and it will detect the 
screw elongation. The sensor has a displacement range of 6,5 mm and a spring force of 2 N.  
As the displacement sensor does not have any output display, it was connected to a portable 
logger, DEWE 43 A (see figure 23). The displacement sensor can measure elongations with a 
precision of 0,05 . The elongations were displayed using DEWEsoftX3 (the software for 
DEWE 43 A).  

 

Figure 23: DEWE 43A portable logger [13]. 

 

 

 

Figure 24: HS5 displacement sensor [14]. 
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4.1.2 MC900 
The measurements of the difference in time of flight was accomplished with a transient 
recorder analyzer (MC900 from the manufacturer Micro Control, see figure 26) with the 
software MC911. MC900 uses the impulse-echo method for analysis of the ultrasonic signals.  

In order to measure the change in time of flight, MC911 needs to compare the current echo 
(for an untightened screw) with a reference echo and subtract the time shift between the 
two. The user is free to choose echo number. For example, echo 2 will allow the transmitted 
pulse to travel twice the length of the bolt. Normally echo 1 is used for measurements. 
When MC911 sends an ultrasonic pulse to a bolt the pulse travels from sensor to the head of 
the bolt, and through the bolt and bounces back and forth. Every time the echo reaches back 
to the screw head some of the energy transfers to the sensor. The ultrasonic sensor detect 
this as an echo. By selecting any of the echos it could be displayed on the ultrascope screen. 
Higher echo number requires more amplification. This will introduce more noise in the 
signal.  

The first step when measuring change in time of flight is to set the echo number, then the 
echo needs to be locked as a reference echo. In order to substract any offsets the zero out 
button is used. After tightening, the monitor button is used to display the reference echo 
and the current echo. The reference is displayed in red and current in green. The reference 
detection point (zero crossing), where the signal amplitude is zero and goes from negative to 
positive is displayed as a purple straight line. The current detection point is displayed as a 
white straight line (see figure 25). The user is free to change the current detection point on 
the ultrascope screen. This should be done if the peaks are moving, they are detecting an 
incorrect detection point. The change in time of flight is the difference of the white line and 
the purple line.  
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Figure 25: Ultrascope screen, reference signal displayed in red and current signal displayed in green. Echo for a M12 screw 
using a clamp length of 46 mm.    

   

 

Figure 26: MC900 transient recorder analyzer [15]. 
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4.2 Measurement of ultrasonic constants  
The ultrasonic measurements used in this thesis was done using test joints made of 
hardened steel (see figure 27). They were supposed to simulate the clamped parts in a screw 
joint. The test joints were manufactured in several different lengths and with different clamp 
lengths (10-66 mm with increments of 5 mm). The screws were flatten on the top/bottom in 
order to ease reflection for the ultrasonic waves. On the screw head a piezo electrical chip 
was attached (with glycerin glue, see figure 28). Furthermore, the screws were made of steel 
with the strength class 10.9 [2]. Three types of screws were tested; M8, M10 and M12. The 
screw heads were of hexagonal shape and all screws were fully threaded.  

 

Figure 27: Test joint made of hardened steel. 

 

 

Figure 28: M10 screw with piezo electrical chip bounded on the screw head. 

The test joints were equipped with a plate that was used to hold the micrometer for 
measuring the actual screw elongation (see figure 29). The plate was allowed to slide along 
the test joint in order to use screws with different lengths. The stiffness of the 
measurement-setup was of great importance since micrometer measurements are 
extremely sensitive. 



Ultrasonic measurement and analysis of screw elongation 
 

29 
 

 

 

Figure 29: Measurement setup. 

The difference in time of flight between unstressed and stressed screw was measured with a 
transient analyzer and the actual elongation was measured with a displacement sensor. 
Difference in time of flight and actual elongation was measured for 5-10 stress states during 
the tightening. This was repeated three times for each screw diameter and clamp length. 
With the difference in time of flight the ultrasonic elongation could be calculated using: 

= ∆ ∙   (4.1) 

The measured data points  (  and ) were plotted in Matlab. 

A linear regression model was used, i.e. = ∙  where  is the ultrasonic constant 
(also known as the factor 3). 

4.3 Measurement of velocity constant and speed of sound at no stress 
The velocity constant k and the speed of sound at no stress  were measured. These 
constants were used in the FEM-simulations and in the measurements of the ultrasonic 
constants.  

The measurement was done on a test joint with a clamp length of 65 mm and a 95 mm long 
M12 screw with a hexagonal shaped screw head. The difference in time of flight and the 
actual elongation were measured during the tightening for each state. 

The stress for each state was calculated using (according to equation (2.36)): 

= ∙ ∙ 1 −   (4.2) 
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Where  is the lengthwise stress within the clamp length, E is the elastic modulus,  is the 
screw head length,  is the nut length and  is the clamp length.  

The average sound velocity for each stress state was calculated using: 

= ( )
∆

  (4.3) 

Where  is the initially length of the screw and  is the time of flight at no stress. Since 
the measurement was done on a test joint with a long clamp length compared to the screw 
length the average sound velocity will be close to the sound velocity within the clamp length 
(see figure 30).  

 

Figure 30: Velocity and average velocity, for long clamp lengths the average velocity is close to the velocity within the clamp 
length. 

A linear regression model was used to fit the average sound velocities against the stresses 
i.e.: 

= −   (4.4) 
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5 Results 
In this section, the results from the measurements and FEM-simulations will be presented. 

5.1 Results of velocity constant and speed of sound at no stress 
The difference in time of flight and the actual elongation were measured for 15 stress states 
during the tightening, going from low to high stress. The measured difference in time of 
flight, difference in actual elongation, the calculated stresses and average velocities can be 
seen in table 1 and figure 31.   

The speed of sound at no stress was measured as = 5900 /  and the velocity 
constant = 5,89 ∙ 10  / . The measurements yielded good results and the line 
fitting gave a R-value of 0,99. Figure 31 validates equation (2.32) = − . 

  

Measurement 
point 

∆  ( ) ( ) ( ) ( ) 

1 44,2 0,098 5886 0,23 
2 61,6 0,114 5884 0,27 
3 77,5 0,131 5882 0,31 
4 99,4 0,151 5879 0,35 
5 108,8 0,161 5878 0,38 
6 122,6 0,174 5876 0,41 
7 138,1 0,188 5874 0,44 
8 150,5 0,199 5872 0,47 
9 166,5 0,214 5870 0,50 

10 190,3 0,236 5867 0,55 
11 206,1 0,251 5866 0,59 
12 223,4 0,267 5863 0,63 
13 242,1 0,281 5861 0,66 
14 256,2 0.293 5859 0,69 
15 268,5 0,303 5857 0,71 

Table 1: Delta time of flight, actual elongation, average velocity and stress for measurement of k and . 
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Figure 31: Average velocity plotted against stress with fitted line. 
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5.2 Results of ultrasonic constants  
The hardest problem with the ultrasonic constant measurements was to get stable values of 
the time of flight measurements; the measurements have to be repeated multiple times in 
order to get stable values. As a reference, an ultrasonic thickness gauge was used to validate 
the time of flight measurements. The results from three measurements on a M12 screw 
using a clamp length of 46 mm can be seen in figure 33.  

The transformation from ∆  to ultrasonic elongation using = ∆ ∙  was performed 
with the measured  value from the section 5.1. The measurement points from a 
measurement sequence (  and ) were plotted in Matlab, a linear regression model was 
used to fit the ultrasonic elongations against the actual elongations where the gradient of 
the fitted line is the ultrasonic constant (see figure 33). During the measurements a constant 
term in the fitted relationship between  and  arose, i.e. = ∙ + , this can be 
seen in figure 33. The constant term could be reduced if the measurement equipment’s was 
reset from a state where the screw was lightly tighten. However this phenomenon did not 
affect the measured  value. The measured ultrasonic constants for M8, M10 and M12 
screws can be seen in tables 2-4 respectively and plotted values in figure 32. The ultrasonic 
constants have been plotted against clamp length divided by screw diameter in figure 32. 
According to the FEM-simulations, these two curves should almost overlap each other.  

Clamp length (mm) Measurement 
number 

Ultrasonic constant 
 () 

Mean value 
ultrasonic constant 

() 
 

10 
1 1,46  

1,57 2 1,52 
3 1,72 

 
15 

1 1,85  
1,69 2 1,63 

3 1,59 
 

20 
1 2,32  

2,25 2 2,22 
3 2,20 

 
25 

1 2,39  
2,41 2 2,39 

3 2,44 
 

30 
1 2,46  

2,53 2 2,60 
3 2,67 

 
35 

1 2,42  
2,53 2 2,53 

3 2,64 
 

40 
 

1 2,51  
2,58 2 2,63 

3 2,60 
Table 2: Ultrasonic constants for M8 screw.  
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Clamp length (mm) Measurement 
number 

Ultrasonic constant 
 () 

Mean value 
ultrasonic constant 

() 
 

10 
1 2,47  

2,39 2 2,39 
3 2,30 

 
15 

1 2,54  
2,53 2 2,56 

3 2,49 
 

20 
1 2,62  

2,67 2 2,72 
3 2,67 

 
25 

1 2,76  
2,73 2 2,61 

3 2,82 
 

30 
1 2,74  

2,75 2 2,88 
3 2,62 

 
35 

1 2,80  
2,79 2 2,71 

3 2,85 
 

40 
1 2,77  

2,80 2 2,78 
3 2,85 

 
46 

 

1 2,82  
2,81 2 2,83 

3 2,78 
 

50 
1 3,01  

2,97 2 3,07 
3 2,84 

 
58 

1 3,27  
3,29 2 3,38 

3 3,21 
Table 3: Ultrasonic constants for M10 screw. 
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Clamp length (mm) Measurement 
number 

Ultrasonic constant 
  () 

Mean value 
ultrasonic constant 

() 
 

10 
1 2,66  

2,59 2 2,44 
3 2,67 

 
15 

1 2,75  
2,72 2 2,77 

3 2,64 
 

20 
1 2,84  

2,78 2 2,72 
3 2,78 

 
25 

1 2,84  
2,84 2 2,84 

3 2,85 
 

30 
1 2,91  

2,91 2 2,89 
3 2,93 

 
40 

1 2,94  
2,96 2 2,95 

3 3,00 
 

46 
1 2,98  

3,03 2 3,05 
3 3,05 

 
50 

1 3,09  
3,08 2 3,06 

3 3,10 
 

58 
1 3,12  

3,10 2 3,13 
3 3,06 

 
62 

1 3,15  
3,16 2 3,20 

3 3,14 
 

66 
1 3,26  

3,20 2 3,18 
3 3,15 

Table 4: Ultrasonic constants for M12 screw. 
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Figure 32: Measured ultrasonic constants for M8, M10 and M12 screws plotted against clamp length divided by screw 
diameter. 
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Figure 33: Ultrasonic elongation versus actual elongation for three different measurements on a M12 screw using a clamp 
length of 46 mm. 

 

5.3 Results from FEM-simulations 
FEM-simulations were performed for screw diameters of 8, 10 and 12 mm i.e. M8, M10 and 
M12 using clamp lengths from 4 mm to 200 mm. During all simulations the actual elongation 
in the ANSYS pretension were set to 0,1 mm. As the modelling was linear elastic this value 
does not affect the estimated ultrasonic constant. Dimensions of nuts and screw heads were 
chosen according to the physical screws.  

For the transformation from stress to velocity of nodes lying along the screw midline, 
constants from the section 5.1 were used, i.e.  and . The number of nodes lying along the 
screw midline were between 100 and 200 for different screw lengths. This was a tradeoff 
between accuracy and computational time.  

The calculated ultrasonic constants from the simulations can be seen in tables 4-6 and the 
ultrasonic constant versus clamp length divided by screw diameter in figure 36.   

Velocity profiles and stresses for M12 screw as function of z (lengthwise parameter) can be 
seen in figure 34 and 35, z=0 corresponds to the upper part of the screw head. It should be 
noted that for longer clamp lengths ( ≫ ) the stress and velocity as function of z takes 
the form as visualized in figure 37 and 38. In figure 39-41 the maximum variation in sound 
velocity from the midline within a radius of 1,5 mm from the midline has been drawn.  
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Clamp length (mm) Ultrasonic constant  () 
4 2,53 

10 2,75 
20 2,86 
30 2,90 
46 2,93 
50 2,94 
54 2,94 
58 2,95 
62 2,95 
66 2,95 

100 2,97 
200 2,98 

Table 4: Ultrasonic constants for M8 screw. 

Clamp length (mm) Ultrasonic constant  () 
4 2,64 

10 2,81 
20 2,89 
30 2,92 
46 2,95 
50 2,95 
54 2,95 
58 2,96 
62 2,96 
66 2,96 

100 2,97 
200 2,98 

Table 5: Ultrasonic constant for M10 screw.  

Clamp length (mm) Ultrasonic constant  () 
4 2,35 

10 2,63 
20 2,78 
30 2,84 
46 2,89 
50 2,90 
54 2,91 
58 2,91 
62 2,92 
66 2,92 

100 2,95 
200 2,98 

Table 6: Ultrasonic constants for M12 screw. 
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Figure 34: Velocity profiles for M12 screw as function of z with clamp lengths between 4 and 200 mm. 

 

 

Figure 35: Stress for M12 screw as function of z with clamp lengths between 4 and 200 mm. 
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Figure 36: Ultrasonic constants plotted against clamp length divided by screw diameter for M8, M10 and M12. 

 

 

Figure 37: Stress as function of z for longer clamp lengths ( ≫ ).  is the screw head length and  is the nut length. 
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Figure 38: Velocity as function of z for longer clamp lengths ( ≫ ). 

 

Figure 39: Maximum variation in sound velocity from the screw midline within a radius of 1,5 mm as function of z for M8 
using a clamp length of 46mm. 
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Figure 40: Maximum variation in sound velocity from the screw midline within a radius of 1,5 mm as function of z for M10 
using a clamp length of 46mm. 

 

Figure 41: Maximum variation in sound velocity from the screw midline within a radius of 1,5 mm as function of z forr M12 
using a clamp length of 46mm. 
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5.4 FEM-simulations versus measurements  
The results obtained from the FEM-simulations are compared to the results from the 
measurements in figure 39. A fitted curve has been drawn for the FEM results (dashed curve 
in figure 42). The fitted curve is on the form = ∙

∙
 where x is clamp length divided by 

the screw diameter. The fitted constants were calculated to = 82,5;  = 2,60;  = 27,6 
and an adjusted R-square value of 0,94.  

 

Figure 42: FEM-simulations versus measurements, ultrasonic constant plotted against clamp length divided by screw 
diameter.  
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6. Discussion 
The hypothesis from the FEM-simulations was that the ultrasonic constant only depend on 
the ratio between the clamp length and the screw diameter up to a certain degree of 
accuracy. This claim is supported by figure 36, where the ultrasonic constant has been 
plotted against clamp length divided by the screw diameter for M8, M10 and M12. The three 
curves almost overlap each other. If the geometric scaling between the three simulations 
would have been uniform the overlapping would be perfect since the modeling is linear 
elastic. For example, a M12 screw will not have a twice as big screw head diameter as a M6, 
even though the screw diameter is twice as big. The simulated asymptotic  values for large 

 agrees with the calculated asymptotic value in section 2.10 (see figure 36), this is a 

validation for the simulation. The assumption about the stress state for large  in section 
2.10 is supported by the FEM-simulations (see figure35). The stress value within the clamp 
length is very close to 1 −  in the FEM-simulations and deviates by 

approximately 3 % from the theoretical value. 
 
From the FEM results it is easy to determine a mathematical model for the ultrasonic 
constant as function of the clamp length divided by the screw diameter. A function of type 

= ∙
∙

 where a, b and c are real-valued constants and =  is the clamp length divided 
by the screw diameter fits the data well. A curve fit of this type gives a R-value of 0,94 where 
R=1 corresponds to a perfect fit to the data. This type of function has an asymptotic value for 
large x as expected from the 2.10 section. The constants in the fitting was calculated to 
 = 82,5;  = 2,6;  = 27,6. The asymptotic value for x going to infinity is = ,

,
≈ 2,99 

which can be compared to 3,00 from section 2.10.  
 
The results from the FEM-simulations are interesting even if the model is greatly simplified 
compared to reality. No threads were modelled, the screw parts are assumed to be 
cylindrical bodies glued together and the ultrasonic waves are assumed to travel perfectly 
along the screw midline. The acoustoelastic velocity formula (equation 2.32) turned out to 
be valid from the results in section 5.1. The measured constants (k and ) showed good 
agreement with values in literature. However, for the ultrasonic measurements the study 
failed at reaching the same outcome as the FEM-simulations which can be seen in figure 42. 
The measured ultrasonic constants for the M12 screw agrees with the FEM-curve for clamp 
lengths up to 40 mm see figure 42. The M10 and specially the M8 measurements are far 
away from the FEM-curve.  
 
A possible explanation could be the simplified FEM-model and the assumption that the 
ultrasonic waves travels perfectly along the screw midline. In reality, the waves will disperse 
due to boundary effects and therefore it would, most likely, be easier to perform ultrasonic 
measurements on screws with larger diameters. As can be seen in figure 39-41 the variation 
in sound velocity around the screw midline is quite large compared to the velocity reduction 
due to tensile stress (see figure 34) and especially for the M8 screw.  
 
The reason why the ultrasonic constant alter for low values of the clamp length is due to the 
fact that the stress state cannot be considered as one-dimensional as in section 2.10.  
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The stress state becomes three-dimensional if the clamp length is not much larger than the 
screw diameter and the one-dimensional analysis fails. The stress value within the clamp 
length cannot be calculated with use of formula (4.2), the stress value is much lower. If the 
clamp length is much larger than the screw diameter the ultrasonic constant becomes 
independent of the clamp length as can be seen in section 2.10. 
 
Based on the measured ultrasonic constants, no simple mathematical model can be fitted 
with clamp length divided by screw diameter as the only parameter. 
Based on the conclusions from the result section it is recommended to do calibration curves 
for each screw diameter to predict the ultrasonic constant for a given screw joint in a precise 
way. This was not possible during this thesis due to time limitation.  
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