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Abstract 

The acoustoelastic effect consists in the fact that when a material is under mechanical load, the stresses make the 

velocity of acoustic waves change. This property can be exploited for stress measurement in the material itself 

when the stress concerns the surface of the material, or in the bulk material, as in bolts. 

The ultrasonic bolt tightening control allows knowledge of preload stress in bolts. The accuracy is much better 

than in the case of torque wrench. In fact, the use of this mechanical-based measurement equipment leads to 

uncertainties due to random resistant torques, induced by mechanical manufacturing tolerances. The ultrasonic 

measurement of the pre-load gives the information about the tension inside of the bolt, independently of 

mechanical uncertainties. This consists in an in-situ measurement. More, in some cases, the ultrasonic method 

allows knowledge of the preload on bolts already tightened, without untightening, and without knowledge of the 

unstressed bolt length. This method is called bi-wave method, and exploits compressive and shear ultrasonic 

waves, generated by electromagnetically coupled transducers (EMAT). Such measurement method allows 

knowledge of applied stress in the bolt with an uncertainty of around 5%. 

Examples of application of the method are presented about the differential mode case, which is largely known 

and industrialized, and in the case of bi-wave method, which lead to several on site applications, performed by 

CETIM. These applications were performed with a portable equipment developed by CETIM for the purpose. 

The good performances obtained on carbon steel bolts are presented, and some limitations observed on non-

ferritic steels are discussed. Some ways to overcome these limitations are presented.  
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1. Theoretical basis of ultrasonic stress measurement  
 

The ultrasonic method of stress measurement is based on the application of the theoretical 

results developed in the articles [1] and [2]. The elastic waves which are propagated in 

isotropic solids are characterized by their propagation velocity in material (Fig. 1). This 

velocity is given for the waves of compression (longitudinal) and transverse (shear) modes by 
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where , , and K are the elastic constants and  the density.  

 

We can thus write this velocity variation according to the deformation for each mode. The 

following expression is given for the longitudinal mode,  
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where A11, , E and  are respectively acoustoelastic constant corresponding to the 

longitudinal mode, deformation, Young modulus and stress or constraint. 

 

Thus, according to (1), the relative velocity variation is proportional to the constraint. The 

constant of proportionality is a coefficient which depends on considered  material and its 

metallurgical state. 

The velocity dependence versus stress slopes (Fig. 1) is given by quasi-linear curves having 

different according to propagating modes, as described by Egle and Bray [3]. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1: Propagation of acoustic waves in a solid against various modes and Sensitivity of ultrasonic velocity 

versus stress, according to the propagating mode considered 

 

Some laboratory trials and studies show the interest of ultrasonic technique for measuring the 

residual stresses [1] [2] [3] [5] [6] [7] [8] ] [9] [10] [11].. We now will describe the 

application of the acoustoelastic effect on the determination of the stresses for bolt tightening 

control. 
 

2. Application of the ultrasonic method to ultrasonic control of bolt 

tightening  
2.1. The need. 
 

The presence for a sufficient prestressing in the screw of an assembly allows to ensure the 

good behaviour in the time of this one, as well as good performances in fatigue. The oldest 

and most usually used technique to control the tension in the assemblies consists in measuring 

the tightening torque. However, the parameters linking the tightening torque to the effective 

tension in the material of the bolt or screw are difficult to control. Indeed, coefficient of 

friction, state of lubrication, surface quality of the plans in contact, quality of machining, 

assembly alignment, and manufacturing tolerances result in important resistant torques, with a 

very dispersed value. Thus the torque wrench which uses a mechanical principle measures 

only the total applied torque to the assembly. This torque results in the addition of the useful 

part of the torque, producing longitudinal stress in the bolt, and a resistant torque, which value 

is random, as explained in the last lines. A torque wrench gives in best case an uncertainty on 

the tension introduced into the material of the screw about ± 20 %. 
 



The ultrasonic measurement of the mechanical tension provides a solution to this problem, as 

the measurement is performed in the bulk material of the bolt or screw, where the wave 

propagates. 

The tightening process produces bolt length increase plus stress increase also. This results in 

ultrasonic time of flight (T.O.F.) increase in the bolt. Calibration of T.O.F. measurement 

versus load applied enables the knowledge of the load on bolts. 

Two ultrasonic methods can be used:  

 

 • the mono-wave method, using only the longitudinal waves. It is of differential type because 

it requires a measurement of time at null constraint T0L (on an unstressed bolt) and thus 

loosening if value T0L is not filed, which is almost always the case. This method is employed 

industrially (existence of measuring apparatus), generally when the tightening is operated.  

 

 • the bi-wave method exploits two types of waves of different nature : longitudinal waves and 

transverse waves. It can be called “absolute” because it applies during or after tightening 
without needing a measurement with null constraint. So, it is applicable on already tightened 

bolts or screws. This method is not industrialized yet. Presently, CETIM uses it in provision 

of services with prototype portable equipment.  

 

 

2.2. Description of the method  
 

2.2.1. Mono-wave method or differential method 

 

In practice, the control of the tightening of the screws in differential mode is carried out in 

two successive phases:  
 

   • the phase of calibration where a standard screw (which is representative of that to be 

measured) is loaded (i.e. tightened) with the same conditions as the screw to be controlled. 

The screws are of the same material, have the same geometry and the same tight length. The 

calibration test is carried out, generally in a laboratory by measuring times of transit of the 

ultrasonic waves on the screw standard on which are applied simple traction efforts, in the 

elastic range. So are obtained calibration curves (abacuses) representing the variation of times 

of transit according to the tensions, or load applied.   

 

  • the phase of measurement during which ultrasonic time of transit journey in the screw are 

measured, before tightening and after tightening. The report of the so-measured differential 

time on the calibration curve enables establishing the constraint of tightening. 

  

So, the mono-wave method, which represents a widely industrialized method, is operated  in 

differential mode. 

 

The principles of the control of differential tightening, used industrially, are summarized 

below in Fig. 2.  

 



 
 

Fig 2: Principles of ultrasonic tightening control in differential mode 

 

2.2.2. Bi-wave method.  

 

The control of tightening in bi-wave mode exploits the longitudinal and transverse waves. The 

use of these two waves enables to eliminate the need of the knowledge of exact length of the 

unstressed screw, or the time of flight on untightened bolt, which is necessary in differential 

mode. The measurement mode is summarized hereafter in (Fig. 3). In this case, the 

transducers used to generate both compressive and shear waves are EMAT transducers. These 

type of transducers enable the production of ultrasonic waves in conductive materials, without 

contact. On Fig 3 are displayed the typical echoes produced by EMAT transducers, for both 

compressional and shear mode. The echoes are very similar to those obtained with 

piezoelectric technology.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3: Principles of ultrasonic tightening control with bi-wave mode, and echoes obtained with electromagnetic 

transducers (E.M.A.T.) 

 

Electromagnetic transducers are used to generate for the need, the wave L (compressional) 

and the wave T (shear). These transducers enable reliable coupling, very difficult to guarantee 

in wave T with traditional piezoelectric transducers. The electromagnetic coupling suppresses 
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the need of coupling agent traditionally used to transmit the ultrasonic mechanical pulse from 

the probe to the head of the bolt. On Fig. 4 is displayed the description of electromagnetic 

generation of ultrasound,  obtained with the EMAT transducer used to obtain the echoes 

shown in fig 3. The echo obtained on a 30 mm thick 35NCD16 block part and its  Fourier 

transform are given. It appears that the ultrasonic spectrum is centered  near 6,5 MHz , which 

meets the frequency range used in N.D.T. 
 

       
 

 

Fig 4: Principles of EMAT generation of ultrasound and typical ultrasonic spectrum 

 

The main characteristic of the acquisition is oversampling rate with 100 MHz frequency. This 

leads to 500 MHz equivalent frequency. The time of flight is measured on the peak of 

compressional  and shear wave echoes. The sampling resolution (2 ns) gives a maximum 

measured stress resolution of 1kN on typical industrial applications. 
 

Here are examples of a calibration curve obtained on 520 mm length M30 bolts. The curve 

display T.O.F. ratio for shear and compressional waves versus load (Fig.5).  
 

Fig 5: Tension calibration curve on 520mm long M30 bolt 
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2.2.3. Bi-wave method: influence of the temperature 

 

The temperature influences  the TT/TL ratio, as shown on fig 6.  

The influence of temperature is here measured in an oven on an unstressed bolt. The 

following curve (Fig.6) establishes the load correction factor versus temperature. 

Fig 6 : Temperature calibration curve on 520mm long M30 bolt 

 

 

 

 

 

 

 

2.2.4. Bi-wave method : Influence of the heat treatment 

 

Generally, even if the grade of the material of the bolt is known, the heat treatment which the 

bolt was submitted to at the manufacturing stage is not precisely known. Even for bolts 

having the same mechanical characteristics, the heat treatment may vary substantially. 

On fig 7 are given the various curves TT/TL versus bolt tension, obtained in the following 

conditions:  Same grade (42CD4)  Same geometry  Various heat treatments 
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The curves shown on fig 7 show that even if the slope of the curves  remain constant , giving 

parallel lines, the ratio TT/TL has a maximum difference  of quite 0,005 (0,27%) for its 

extreme values. Now, let us consider another point of view. In the case were we have a TT/TL 

measured value, and we do not know the heat treatment of the bolt .If we consider on the 

graph the measured value of TT/TL=1,820, and report from the graph the extreme possible 

values of bolt tension, we obtain 38 kN and 80kN. This leads to an extreme difference of 

around 40kN, i.e. +/- 20kN deviation (+/-30%) from the 60kN mean value.  

 

 

So, for a done grade as 42CD4, the possible dispersion of heat treatment of the bolt influences 

very much the uncertainty of the measurement of the bolt tension. This means that , in the 

current state of the development, we need, to obtain acceptable uncertainty of measurement, 

to establish the TL/TT versus tension  curve   on a representative bolt. This is obtained by 

loosening only one bolt of the collection to be measured. 
 

 

 
Bolt tension (kN) 

 

 

Fig 7: Influence of heat treatment. 

 

 

2.2.5. General characteristics of the bi-wave method, in the current state of the development 

  The methods needs to be applied a correct shape of the surface of bolt head and blot 

end, to enable production of ultrasonic waves and their reflection.  The method needs the knowledge of the TL/TT versus tension curve. For a done 

grade, the calibration curve obtained is representative of the bolts coming from the 

same heat treatment batch. If the measurement is to be performed on a group of bolts 

having the same grade, coming from the same heat treatment batch, operating a 

calibration on a unique loosened bolt will enable the measurement on all tightened 

bolts 

• Practically, the measurement dispersion observed in industrial conditions is about  

5%, .this consists in a great measurement improvement if we compare it with torque 

wrench. 
  



 

2.2.6. Application of the Bi-wave method 

 

 

The bi-wave methodology was used on the structures which maintain the glazed frontages of 

the Airport of Paris [9], [10].  
 

           
 

 
 

 

Fig 7: Bolt tightening control on the air terminal 2F of the Airport Roissy Charles of Gaulle (France) 

 

The ultrasonic measurements were performed with an  equipment adapted by CETIM for the 

current operation. The control of the glazed frontage of the terminal 2F of the Air terminal of 

Roissy-Charles-of-Gaulle, relates to several hundred of bolts.  

Inaugurated in 1998, this terminal consists of an architectural structure of almost 400 meters 

length, whose principal frontage consists of glass plate assembled on a framework metal, and 

maintained by stiffeners out of glass. 

More than one thousands of pins with a diameter 18 mm fix these plates on metal amounts. 

Vertical stiffeners out of glass ensure the behaviour the wind of the frontage. They are 

assembled by metal fish-plates which grip glass, which implies a very precise adjustment of 

the force exerted not to damage the plates.  

Taken measurements allowed, several years after the installation, to plan the maintenance 

actions of the frontage.  



3. Conclusion 
 

The methodology of tightening control by ultrasounds enables to know pre-stressing in the 

body itself of the assembly, within the inside even of the bolt or the screw. The version of the 

methodology using differential approach is proved and reliable. Moreover, even it is largely 

industrialised, the differential method suffers some limitations which can be overcome by bi-

wave approach; 

The method bi-wave, although not yet to date industrialized, is very promising taking into 

account of the first results obtained. Provided the possibility to generate ultrasonic waves with 

electromagnetic coupling, plus the calibration on a bolt representative of the tightened (and 

unloosened) bolts to be measured, it allows measurements with an accuracy of 5%. Now, this 

last technique still requires additional works to be usable on the majority of the existing bolts 

to meet the needs of industry.   
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