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ABSTRACT 

This paper outlines recent work on methods to measure 
bolt stress in pressure boundary bolted joints. The paper details 
comparative testing performed to determine the performance of 
commercially available bolt stress measurement systems in 
common operational scenarios. This is intended to form the 
basis for selecting the appropriate measurement system in the 
field. Comparison between elongation load control and other 
load control methods is given, in addition to determining the 
appropriate level of accuracy that should be assigned to 
common load control methods. 
 
INTRODUCTION 
 Industry guidance on the accuracy of bolt load control 
methods for pressure boundary bolted joints indicates a rough 
hierarchy of methods as per table B.1 from EN1591-1 [1] and 
table 17.2 from Bickford [2]. In both cases, it is clear that there 
is some variability intended in a given method, depending on 
the method of application. In addition to that, however, there is 
some inherent disagreement between the tables, with EN1591-1 
indicating an error of around 17% for hydraulic torque, 20% for 
hydraulic tension and 15% for elongation measurement. 
Comparatively, Bickford indicates an error of around 30% for 
hydraulic torque, 20% for hydraulic tension and from 1% to 
15% for elongation measurement. 

So evidently there is some disagreement on the most 
applicable level of error to use for different load control 
methods and, in addition, little guidance on the factors that 
contribute or influence the accuracy of the load control method. 
The authors have been involved in assessment of the accuracy 
of bolt load control for both hydraulic tension and manual and 
hydraulic torque, which has demonstrated that load control 
accuracy is a function of not only the inherent accuracy of the 

load control method, but also the care with which it is used, the 
condition of the components being assembled and the accuracy 
of the assembly procedure. 

For example recent work in torque accuracy has shown that 
it is possible, if torque wrenches are not calibrated frequently, 
for the reading to be over 60% in error (Brown [3]). In addition, 
the accuracy of the nut factor has been shown to be heavily 
influenced by the condition of the nut face and bolt threads and, 
in addition, the accuracy is significantly worse at low bolt loads 
(Brown [4, 5]). For hydraulic tension, it has been shown that the 
load loss factors are influenced not only by the flexibility of the 
bolts and nuts, but also the flanges as well (Brown [6]). That 
study also demonstrated that load loss factors could be 
significantly higher than previously used in industry and 
therefore would potentially be a source of significant inaccuracy 
for hydraulic tensioning. 

In all cases, therefore, due to factors both within the 
assemblers control and out of their control (nut and bolt 
condition, for example) it is entirely possible for the nominal 
method inaccuracy to more than double. For example, if the 
final circular passes of the assembly procedure are not 
performed, then an additional 20% inaccuracy, or more, may be 
expected (Brown [7]). Similarly, laboratory Nut Factor testing 
routinely shows a variation of ±20% in achieved load, meaning 
that in the field ±30% would be optimistic. Comparably, for 
hydraulic tensioners, ±15% for accuracy is the optimistic value, 
with the possibility of much higher inaccuracy if the load loss 
factor is not determined correctly or if the procedure is not 
executed effectively. These values are in the same general 
region as the EN1591-1 and Bickford values, but offer some 
differences.  

However, it should be noted that field and laboratory 
experience has been consistent that both torque, and in 
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particular hydraulic torque, and hydraulic tensioning can have 
much greater accuracy if used in conjunction with elongation 
measurement. The accuracy of elongation measurement and 
some factors affecting that accuracy are examined later in this 
paper, but the nominal accuracy of common methods should be 
of the order of ±5% (ASTM F2482-08 [8]). There is a 
significant difference between this ±5% value and that of the 
EN1591-1 ±15% value, so it is worthwhile exploring what is 
realistic for elongation control and what influences the accuracy 
of elongation control.  
 A number of products exist to measure the assembly bolt 
stress in bolted joints via measurement of bolt elongation 
(strain). Some of these are typically viewed as very accurate and 
are used in critical joints where tight control of the actual bolt 
load is crucial to achieving joint integrity (with precieved 
accuracy usually based on the number of decimal places in the 
readout). The two common approaches are through direct 
mechanical elongation measurement using a central pin and 
measuring the difference between the pin length (reference 
length) and the deformed bolt length. The second common 
method is to use ultrasound to measure the initial bolt length 
and compare it to the elongated bolt length once tightened. 
 The purpose of this study is to examine the actual 
performance of these methods under common operational 
conditions. Testing covered five commercially available 
products, with the following test scenarios considered: 

• General accuracy and repeatability 
• Effect of external load; the ability of the operator to 

influence the reading either inadvertently or intentionally 
• Effect of assembly variability; the likelihood that error 

may occur during assembly due to nut location 
• Effect of impact load; such as being dropped or struck 

with a spanner or wrench while installed 
• Effect of bolt bending; the effect that bolt bending, 

generally caused by flange rotation, will have on the 
accuracy of the reading. 

• Effect of surface contamination; the effect on reading 
accuracy of the introduction of sand into the mechanism 

• Effect on bolt tensile strength; the reduction on bolt 
strength due to fitting of the measurement mechanism 
into the bolt. 

Testing was conducted on 1-1/4” ASTM A193 B7 bolts 
equipped with the following elongation measurement methods: 

1. RT-Bolt [9]: uses an internal pin that is machined from the 
bolt material (i.e.: integral with the remainder of the bolt) 
and a 6.1mm (0.24 inches) or 4mm (0.157 inches) internal 
bore to align the measuring device. The internal bore 
allows accurate alignment to the measuring faces of the 
measuring probe, which can either be a mechanical gauge 
measuring bolt stress in 20 MPa (5 ksi) increments or an 
electronic gauge with 1 MPa (0.1 ksi) digital resolution 
(Figure 3, Figure 4 and Figure 5). 

2. Valley Forge SPC4 [10]: this method uses a drilled hole in 
the center of the bolt with a central pin that travels through 

the nut and is ground flush with the surface of a mounting 
boss on the end of the bolt (Figure 6). In this case the 0.25 
inch (6.35 mm) diameter central pin is knurled at the end 
and then force fit into the bottom of the hole and passes 
through the nut region. A mechanical gauge is then fitted 
to the boss in order to read the bolt load, with indication of 
load as a % of bolt yield in increments of 5% of bolt yield. 

3. Rotabolt [11] load indication: this method uses a central 
pin that extends through a central cap and is threaded into 
the bolt (Figure 7). The 6mm diameter (0.236 inches) 
central rod is adjusted such that as the bolt stretches the 
gap between the end of the bolt and the cap close and the 
assembler is no longer able to turn the cap. This gives an 
indication that the bolt load exceeds the set point value for 
the bolt (but does not give an indication of the actual bolt 
load). The version used in the testing has a lower load cap 
and an upper load cap. The lower cap stops turning when a 
lower limit is passed and the upper cap stops when an 
upper limit is passed. In this manner, the assembler can tell 
if the bolt is loaded to within the load range specified at 
time of ordering the bolts. 

4. Valley Forge Maxbolt [12]: uses an internal lever 
mechanism to react on the end of a 0.25 inch (6.35mm) 
diameter pin that is fitted to the bolt in a similar fashion to 
the SPC4 bolts (Figure 8). As the bolt stretches, the end of 
the pin retracts and the indicator at the end of the lever on 
the bolt moves sideways to indicate the bolt load as a % of 
bolt yield, in increments of 25% of bolt yield. 

5. Ultrasonic Bolt Elongation [13]: uses an ultrasonic unit 
that measures the time taken for a pulse of sound to travel 
from the unit, down the bolt, back up the bolt and then 
back to the unit (pulse-echo). The speed of sound varies 
with bolt material, bolt stress and temperature, so there are 
internal calibration values within the unit to convert sound 
transit time to bolt load. 
 

The tests were independently verified by Bureau Veritas to 
ensure uniformity of test method was applied to all techniques 
and that the methods were not chosen to disadvantage one 
product over the other. In addition, the tests only looked at 
effects that may be possible with proper use of the equipment. 
Or, in other words, negligent use such as intentional damage to 
the reading equipment or wrongly entering a calibration or zero 
point were not considered, as incorrect usage would be possible 
for any of the methods. 

DEFINITION OF ACCURACY 
The accuracy measure used in ASTM F2482-08 [8] is not 

well defined, but appears to be expressed as a direct percentage 
of the measurement been taken (so ±5% accuracy would imply 
that the readings were within ±5% of the actual load for the 
entire range). While this appears simple enough, in reality the 
accuracy of all load control methods (and load measurement 
methods) diminish at lower loads (for example; zero offset 
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becomes more pronounced at low load). This means that all 
devices will exhibit not one single accuracy level, but a range of 
accuracy which is higher at low loads and reduces as the load 
increases. This is why load cells and pressure transducers, for 
example, have an accuracy expressed as a percentage of their 
full measurement range. In that case, the higher inaccuracy at 
lower loads is inherently built into the value. 

In this paper, the accuracy of the readings were calculated 
using the slope error for the least squares linear regression fitted 
to the test data (being the raw percentage inaccuracy) and the 
offset at any point divided by the specified minimum yield 
stress (725 MPa, 105 ksi for B7 bolts). That is, the stated 
accuracy is expressed as a percentage of the full range. 
Consequently, the point-to-point accuracy per ASTM F2482-08 
[8] at lower bolt stresses will be greater than the values quoted. 
This would be most evident at the 25% calibration load. 
However, as typical assembly bolt stresses in the field are 
significantly greater than 25% of bolt yield stress and the full 
range accuracy allows simpler comparison, only the full range 
accuracy is included in this paper. In addition, this approach 
allows better comparison with the percentage inaccuracy quoted 
for other load control methods (torque, tension), since their 
inaccuracy is also significantly higher at loads lower than 25%.  

TEST METHOD 
Accuracy and repeatability 

Each bolt sample (5 bolts for each method) was loaded and 
unloaded in five incremental load steps a total of three times 
with a hydraulic cylinder, with readings taken at each load step. 
The measurement device (probe or transducer) was removed 
and replaced at each load increment. The basic test setup is 
shown in Figure 9 and Figure 10. Note that testing was 
conducted up to a maximum bolt stress of 550MPa (80 ksi) due 
to the pressure limits of the hydraulic fittings. The results were 
then plotted (measured stress versus applied) and an accuracy 
assessment performed. The bolts were tested in the as-received 
condition from the supplier, with the exception of the UT 
measurements, which were performed on stud bolts that had 
been accurately machined on both ends in a lathe. 

External load 
The accuracy test was repeated with a lateral 1kg force 

applied to the measurement device in three different directions. 
This test was not possible for the Rotabolt device (nowhere to 
react the load) or the UT probe (no resistance to sliding off). 
This test is designed to mimic the maximum influence that an 
operator may be able to exert, either intentionally or 
unintentionally, on the measurement being made (i.e.: is it 
possible to “find” the reading that you are looking for simply by 
manipulating the measurement device). For the UT probe, 
operator influence was simulated by moving the position of the 
transducer on the bolt end surface (such that the transducer was 
always fully on the bolt end) in order to record the maximum 
and minimum reading from operator manipulation. 

Assembly variability 
Most of the devices (with the exception of Rotabolt and 

UT) have deformed threads to prevent the nut being wound 
below a specified point. With the exception of RT-Bolt, where 
the measurement surface is below the nut face, all other 
methods have the measurement length passing through the nut. 
This means that nut location will affect the readings, since the 
effective length being measured is changed as the nut location is 
moved. To examine this effect, the accuracy test was repeated 
with the nut positioned a varying number of threads from the 
end of the bolt, per Figure 11. For those devices where thread 
deformation limited nut movement, the test was performed over 
the full possible variation in movement.  

The UT reading requires input of the grip length into the 
unit and so, barring operator error in measuring or inputting the 
length, nut location should not be a factor. Although, this will be 
a significant factor in joints where there is a lot of gasket 
compression (RTJ gaskets, for example) due to the change in 
bolt grip length. 

Impact load 
Bolt elongation measurement is performed in field 

environments where heavy equipment is being used and bolts 
are often dropped or impacted during installation or assembly. It 
is important that the measurement accuracy is not affected by 
such impact. It is probably unrealistic to expect that impact will 
not occur to at least a couple of bolts in each joint. To examine 
the level of effect of impact on the reading accuracy, the bolts 
were dropped onto a 10mm thick steel edge from increasing 
heights in 150mm (5.9”) steps per Figure 12. They were loaded 
after each impact to measure the effect on accuracy. 

Bolt bending 
As pressure boundary bolted joints are loaded, the flanges 

deform (rotate) and place a bending load on the bolt. This 
bending can cause problems with elongation measurement 
methods. For example, due to the variation in the speed of 
sound with stress, a bolt in bending will have a distorted sound 
signal for UT measurement, as compared to a straight bolt. This 
greatly affects the ability of the UT equipment to detect the 
correct wave form in order to measure the time of flight. 
Similarly, for the other methods, bending of bolts can distort the 
measurement pin and surfaces, causing errors in the readings. 
To examine this effect, the bolts were assembled with tapered 
washers in 0.5° increments from 0.5° to 2° under the nuts to 
induce bending, simulating the effect of flange rotation per 
Figure 13. It is worth noting at this point that most flanges will 
have less than 1° of flange rotation at assembly, but some may 
see levels up to the 2° range, so it is important that the methods 
still perform accurately with flange rotation. 

High temperature operation 
To examine the effect of reading accuracy with high 

temperature operation (so both corrosion, relaxation and 
differential expansion of components occurring), the bolts were 
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loaded to 300MPa bolt stress then held at 363°C (685°F) for 1 
day intervals. After each heating session, the bolts were 
removed and cooled to ambient, before the accuracy test was 
repeated. The temperature selected is within the ASME BPVC 
Section 8 Division 2 allowable temperature limit (427°C, 
800°F). The Maxbolts were not tested, as the gauge glass 
melted when tested at the manufacturer listed maximum 
operating temperature of 260°C (500°F). 

Contamination 
With all measurement methods, except Maxbolt, it is 

possible that debris may enter the mechanism either prior to or 
during measurement. In some cases (UT, RT-Bolt and SPC4) 
the debris is relatively easily cleaned or blown out of the 
system. For both RT-Bolt and SPC4, there is also a protective 
plug/cap preventing ingress of sand, so if the time the plug/cap 
is removed is minimized, the chances of contamination will also 
be minimized. However, in order to examine this effect, the 
bolts were submerged in sand with the protective plug/cap 
removed before conducting the accuracy test. 

 

TEST RESULTS 
Accuracy and repeatability 

The RT-Bolt repeatability test results show high accuracy, 
with the average reading tracking closely to the applied load 
(<1% deviation from true linear slope), refer Figure 14. 
Readings with the RT-Bolt digital reader show little variance 
about the mean, with a coefficient of determination of 0.997 and 
a full scale accuracy of ±3%.  

The average SPC4 readings display linear behavior, 
however, there is much higher variance about the mean (Figure 
15), with a coefficient of determination of 0.951 and greater 
inaccuracy, with a 95% confidence interval of ±12% and a 
32MPa zero offset, resulting in a combined full scale accuracy 
of ±15%. 

Ultrasonic measurement also had very linear results and 
low variance about the mean (Figure 16), with a coefficient of 
determination of 0.998 and a full scale accuracy of ±2% if the 
correct calibration values had of been used (i.e.: if the unit had 
been calibrated with the actual bolt material being used). 
However, the testing was conducted with the default calibration 
values, as is normal for measurements made in the field, which 
resulted in a 12% deviation from the actual linear relationship 
and therefore a full scale accuracy achieved of only ±14%.  

Due to the way the Rotabolt product works, only two bolt 
stresses were able to be measured. Accuracy at the low set point 
is comparable to the other methods, with a coefficient of 
determination of 0.99 and accuracy of ±3%. Note that the high 
set point displays slightly larger variance than the lower set 
point (Figure 17) and an associated accuracy of ±5%. 

The Maxbolt product behaves similarly to the SPC4 
product, with a high variance about the mean (Figure 18). 
Readings are linear on average, with a coefficient of 

determination of 0.98. The large variations in reading give an 
overall full scale accuracy of ±9%. 

External load 
Testing RT-Bolt with the application of an external load on 

the reader found that there is a small effect on the results. 
Figure 19 shows that the linear coefficient increases 5%, with a 
slight increase in zero offset to 17MPa (2.5 ksi). The full scale 
accuracy with the external load becomes ±5%, which remains in 
an acceptable range. 

The SPC4 results (Figure 20) show that the results can be 
greatly affected by the application of an external force on the 
reader. The external load results in a 238MPa (33 ksi) zero 
offset and a 20% deviation in linear coefficient. While a trend 
line has been added, readings at lower bolt stresses are 
effectively random, and the overall full scale accuracy is ±52%. 

The minimum and maximum UT measurements obtained 
by varying transducer position are presented in Figure 21. This 
shows that the position of the transducer has a large influence 
on the readings taken. The overall full scale accuracy is greater 
than ±60%. 

Note that Rotabolt and Maxbolt products are not affected 
by external forces as the device is integral to the bolt. 

Assembly variability 
Testing with varying nut position found that RT-Bolt 

readings have no variation with nut position. Figure 22 displays 
a small change at higher bolt stresses, however, this is within 
the normal reading variance, and linear accuracy remains within 
±3%. As RT-Bolts have the threads deformed to prevent 
assembly with the nut lower than the measurement surfaces, 
only two nut positions could be measured. This result is 
expected, as the reading location for RT-Bolt always remains 
below the nut. 

As expected, the SPC4 results show much higher 
discrepancy with the nut positioned 0 threads from the end of 
the bolt (Figure 23). With the nut 0 threads from the end of the 
bolt, the reading accuracy is +20.6%, whereas at 3 threads from 
the end the accuracy is -8%. This means that the position of the 
nut alone will influence the reading by an average of ±14.3%. 
This is not unsurprising, given the relatively short pin length 
versus the possible distance moved within the allowed threads 
and the position of the measurement surfaces above the nut.  

The Rotabolt product does not prevent assembly past the 
recommended 3 threads from the end of the bolt. Figure 24 
shows that positioning the nut any further than 3 threads from 
the end causes inaccuracy from the nominal set point, and at 5 
threads from the end, the high set point fails to provide a 
reading. For the lower setting, the inaccuracy is -23% for 4 
threads and -31% for 7 threads, indicating that the reading is 
sensitive to poor installation and disregard for the nut position. 
It is difficult, in a field situation, to ensure that the stud will not 
rotate in the bolt and result in the nut location becoming lower 
than the specified maximum number of threads from the end, 
even if due care is taken to initially set the nut to three threads. 
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Like the SPC4, the Maxbolt results display an offset with 
the nut positioned 0 threads from the end of the bolt (Figure 
25). The inaccuracy with the nut 0 threads from the end of the 
bolt is +28% compared to +14% with the nut 3 threads from the 
end.  

Impact load 
Testing of RT-Bolt both with the supplied protective plug 

and without the protective plug installed found no effect on the 
accuracy of measurements (Figure 26 and Figure 27) even at the 
maximum drop height. The typical damage to the RT-Bolt 
product after dropping is presented in Figure 28. 

The SPC4 stud displayed no change in behavior with the 
protective cap installed (Figure 29). However, with the 
protective cap removed, the SPC4 results display a significant 
offset from the expected readings (Figure 30). This is due to 
deformation of the exposed datum measurement surfaces 
(Figure 31). The inaccuracy occurs from a relatively short drop 
distance of 150mm (6 inch), that is, very little damage is 
required to affect the readings and this level of impact would be 
similar to a light tap with a wrench or socket during assembly. 
Note that no readings were taken after the 600mm (24 inch) 
drop caused sufficient damage to prevent attachment of the 
measurement gauge. 

The bolt prepared for Ultrasonic measurement was 
unaffected by all drop heights (Figure 32). Examination of the 
end surface shows no visible damage from contact with the steel 
edge (Figure 33). While contact with harder surfaces (e.g. 
hardened steel tools) may result in damage to the surface, a 
simple fall to grade during assembly may be considered 
unlikely to affect the accuracy of ultrasonic measurement. 

The Rotabolt sample was similarly affected by impact, with 
a 150mm (6 inch) drop resulting in 50MPa (7.2 ksi) offset from 
the nominal lower set point and a 70MPa (10.1 ksi) offset from 
the nominal higher set point (Figure 34). Readings could not be 
obtained on the higher set point after dropping the bolt 450 mm 
(18 inches). The typical damage to the Rotabolt product is 
presented in Figure 35. Since Rotabolts are not protected during 
assembly activities, it is likely that impact of these levels will 
occur, so redundancy of measurement devices should be 
considered at the planning phase. 

The Maxbolt sample exhibited a change in behavior after 
being dropped 900mm (36 inches). A 13% upward offset can be 
seen in Figure 36. The typical damage is shown in Figure 37. 

Bolt Bending 
The RT-Bolt product was fond to be unaffected by up to 

1.75° of flange bending. At 2° of flange bending, permanent 
bolt deformation (yield in bending) has occurred, resulting in 
offset at higher bolt loads, with a residual 90MPa (13 ksi) offset 
upon unloading (Figure 38).  

SPC4 exhibits similar behavior, with permanent offset at 2° 
of flange bending. While there is significant variation in the 
results below 2°, this may be within the expected value range 
for SPC4 and therefore it is difficult to separate if there is an 

effect on reading at lower rotation levels. At 2°, there is a 
significant offset of 200MPa (29 ksi) offset when unloaded 
(Figure 39).  

The UT measurements were accurate for the tested bolt 
length with 0.5° of flange bending (Figure 40). However, with 
greater bend angles, the echo waveform is distorted and 
therefore, readings were less consistent. This effect can be seen 
by comparison of the waveforms for the results at 450MPa 
tensile stress (Figure 41). At 1.25° of bending, there is a 
noticeable decrease in the echo amplitude and distortion of the 
wave form, and at 1.5° the return waveform is highly distorted. 
This effect will be even more significant for UT for longer bolt 
lengths than that tested (which was relatively short). This will 
not be the case for the other methods, as their measurement 
length is fixed.  

The Rotabolt product displays a 45MPa (6.5 ksi) offset 
from the true reading at all bending levels less than 2° (Figure 
42), indicating that normal flange rotation will have a 
significant effect on the method accuracy. At 2° of bending, the 
measurement point drops considerably, to between -50 MPa to -
100 MPa (-7ksi to -14ksi) below the correct reading. 

The Maxbolt product appears unaffected by 0.5° of 
bending. However, at all other bend angles, the results vary 
greatly and with no clear relationship to the bend angle (Figure 
43). This variation may be due to changes in the orientation of 
the lever mechanism versus the bending plane, however 
sensitivity to bending is clear in the results, with an overall 
inaccuracy of ±14%. Therefore normal flange rotation 
magnitudes will have a significant effect on the accuracy of 
Maxbolt stress measurement. 

High Temperature Operation 
After both 1 and 2 days at 363°C (685°F), the RT-Bolt 

sample displayed an upward offset in the stress readings (Figure 
44) but they remain linear with an almost 1:1 relationship with 
the applied load. The overall accuracy was maintained within 
±7% of full scale.  

The SPC4 sample also displays an upward offset in the 
measured stress (Figure 45). However, the SPC4 also shows a 
change in the slope of the curve after heating. This indicates 
that the press-fit pin may have moved at the high temperature 
and therefore, the reference length changed causing inaccuracy 
of the measurements. After the second heating interval, the 
SPC4 readings stabilize, with no further upward offset. The 
overall accuracy of the SPC4 after heating was ±36% 

The Ultrasonic measurements displayed a downward offset 
in the measured stress on the first heating interval, followed by 
a large upward offset after the second (Figure 46). This may be 
due to changes in the micro-structure of the bolts and/or the 
change in ultrasonic wave speed through the oxide layer. The 
overall accuracy of the UT readings after heating is ±37%. 

The bolt loads where the Rotabolt caps stopped rotation 
occurred at a lower bolt load after high temperature exposure 
(Figure 47). The reading accuracy after exposure to temperature 
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was ±13%. Therefore, the Rotabolt tested achieved only 87% of 
the desired load after exposure to high temperature.  

While the Maxbolt indicator mechanism remained 
functional after the high temperature exposure, the gauge 
markings melted and consequently, no readings were able to be 
taken. 

Contamination 
The results of the contamination test are presented in 

Figure 48. After immersion without a protective cap, there was 
difficulty zeroing the RT-Bolt product, illustrated with a 
consistent offset in the measurements. The contamination also 
affects the linearity of the results, with a 10% decrease in the 
slope of the curve, resulting in an overall full scale accuracy of 
24%. The SPC4 results are slightly better at a full scale 
accuracy of 20% and the Rotabolt product was worst with a full 
scale accuracy of 37%.  

Tensile Capacity 
Tensile testing to failure found little change in the ultimate 

tensile strength of the bolts. The test results are presented in 
Figure 49 and photos of the samples in Figure 50 to Figure 53. 
All samples tested failed at bolt loads greater than the minimum 
specified tensile strength for A193 B7 bolts (862 MPa, 125 ksi). 
Therefore, machining of the bolts to install the measurement 
mechanism has not affected the strength rating of the bolts 
significantly. This is due to the drilling being located in the 
center of the bolt, which is a lower stressed region compared to 
the outer fibers of the bolt (failure initiates on the bolt OD in all 
cases). The results show that only the SPC4, Rotabolt and 
Maxbolt samples had a slight reduction in tensile load 
compared to the undrilled reference stud bolt. However, the 
amount of reduction is small and may have been due to slightly 
lower original material properties. 

CONCLUSION 
The test results show that each measurement system can be 

used to effectively determine bolt loads in bolted joints within 
the limitations of the particular product. It also demonstrates the 
importance of initial calibration and understanding the accuracy 
requirements prior to selecting the product. For certain devices, 
even with careful use, there are a number of factors that need to 
be considered. If we consider the aspects studied in this paper, 
there are certain aspects that stand out as being relevant to the 
use of the elongation control methods in pressure boundary 
bolted joints: 

 
 
 

Aspect RTB UT SPC4 MAX Rota 
Accuracy ±3% ±12%(1) ±15% ±9% ±5% 
User Variation ±5% ±61% ±52% ±0% ±0% 
Nut Location ±0% ±0%(2) ±14% ±28% ±31%(3) 
Impact 
(Protected) 

±0% N.A. ±0% N.A. N.A. 

Impact 
(Unprotected) 

±0% ±0% ±30% ±13% ±42% 

1° Rotation ±0% ±20% ±3% ±7% ±10% 
1.25° Rotation ±0% ±55% ±11% ±10% ±8% 
1.5° Rotation ±8% ±62% ±10% ±14% ±10% 
1.75° Rotation ±5% ±83% ±11% ±8% ±6% 
2° Rotation ±23% ±100% ±33% ±14% ±14% 
High Temp. ±7% ±37% ±36% Failed ±13% 
Contamination ±24% N.A. ±20% N.A. ±32% 
% = % full scale accuracy 
1) Accuracy improves to ±2% with bespoke calibration on bolt 
2) May be significant if grip length changes during assembly 
3) Reduces to 0% if nut remains within 3 threads, but this is not 
assured due to no nut limit 

 Based on these results, and considering most cases should 
have bending less than bolt yield levels, the following 
commentary for critical aspects should be considered apply to 
each method: 

RT-Bolt: Contamination 
UT: Calibration, effect of high temperature operation on 

readings, temperature effects, operator influence on 
reading and bolt bending effects 

SPC4: Accuracy, contamination, nut location, operator 
influence on reading, unprotected impact and high 
temperature operation 

Maxbolt: Accuracy, nut location, bolt bending and high 
temperature operation 

Rotabolt: Nut Location, contamination, impact, bolt bending 
and high temperature operation 

Another aspect to consider is user skill level required. In 
this case, it must be remembered that, due to the ability of the 
operator to affect the measured reading, specific training may 
be required to understand and use both SPC4 and UT correctly, 
whereas the other methods can be mastered with no instruction 
and only very simple written user guidance. 

However, if the best case scenario is considered (neglecting 
operator influence, nut location and impact), then it is possible 
to rank the methods for “normal” pressure boundary joint 
measurements: 
 Overall Method Accuracy 

Case #1 Case #2 Case #3 
RT-Bolt ±3% ±3% ±7% 
UT ±2% ±20% ±37% 
Rotabolt ±5% ±10% ±13% 
Maxbolt ±9% ±9% Failed 
SPC4 ±15% ±15% ±36% 
Case #1 = Ambient Temperature Joint, < 0.5° Flange Rotation 
Case #2 = Ambient Temperature Joint, 1.0° Flange Rotation  
Case #3 = 685°C Operation Joint, 0.5° Flange Rotation 

Finally, given the findings in this paper, it would appear 
that certain elongation control methods are capable of achieving 
a realistic accuracy level of ±5%, compared to ±15% for 
Hydraulic Tension and ±30% for Torque Control. Hence 
revision of EN1591-1 guidance would be recommended to 
ensure accurate portrayal of the accuracy of the relevant 
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methods (including a review of the accuracy of turn-of-nut 
methods with pressure boundary joints). 
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FIGURES 

 
Figure 1 - Table B.1 from EN1591-1 [1] 

 
Figure 2 - Table 17.2 from Bickford [2] 

 

 
Figure 3 - RT-Bolt measurement system 
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Figure 4 - RT-Bolt Digital Reader 

 

 
Figure 5 - RT-Bolt Analogue Reader 

 
 

 
Figure 6 - SPC4 Measurement Product 

 

 
Figure 7 - Rotabolt product 

 

 
Figure 8 - Maxbolt product 

 

 
Figure 9 – Test cylinder setup 
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Figure 10 - Test setup 

 
 
 

 
Figure 11 – Assembly variability 

 

 
Figure 12 – Impact test setup 

 

 
Figure 13 – Bending test setup 
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Figure 14 - Repeatability Test Results, Measured Bolt Stress 

vs. Applied Bolt Stress, RT-Bolt Digital Reader 
 

 
Figure 15 - Repeatability Test Results, Measured Bolt Stress 

vs. Applied Bolt Stress, SPC4 
 

 
Figure 16  - Repeatability Test Results, Measured Bolt 

Stress vs. Applied Bolt Stress, Ultrasonic 
 

 
Figure 17 - Repeatability Test Results, Measured Set Point 

vs. Nominal Set Point, Rotabolt 
 

 
Figure 18 - Repeatability Test Results, Measured Set Point 

vs. Nominal Set Point, Maxbolt 
 

 
Figure 19 - External Load Test Results, Measured Bolt 
Stress vs. Applied Bolt Stress, RT-Bolt Digital Reader 

 

Note: Testing conducted with standard 
built-in B7 calibration values 
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Figure 20 - External Load Test Results, Measured Bolt 

Stress vs. Applied Bolt Stress, SPC4 

 
Figure 21 – Variation in Measured Bolt Stress vs. Applied 

Bolt Stress due to Transducer Location, Ultrasonic 
 

 
Figure 22 - Nut Position Test Results, Measured Bolt Stress 

vs. Applied Bolt Stress, RT-Bolt Digital Reader 
 
 

 
Figure 23 - Nut Position Test Results, Measured Bolt Stress 

vs. Applied Bolt Stress, SPC4 
 
 

 
Figure 24 - Nut Position Test Results, Measured Bolt Stress 

vs. Applied Bolt Stress, Rotabolt 
 

 
Figure 25 - Nut Position Test Results, Measured Bolt Stress 

vs. Applied Bolt Stress, Maxbolt 
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Figure 26 - Impact Test Results, Measured Bolt Stress vs. 

Applied Bolt Stress, RT-Bolt with Protective Cap 
 

 
Figure 27 - Impact Test Results, Measured Bolt Stress vs. 

Applied Bolt Stress, RT-Bolt without Protective Cap 
 

 
Figure 28 – Typical Impact Test Damage, RT-Bolt 

 

 
Figure 29 - Impact Test Results, Measured Bolt Stress vs. 

Applied Bolt Stress, SPC4 with Protective Cap 
 

 
Figure 30 - Impact Test Results, Measured Bolt Stress vs. 

Applied Bolt Stress, SPC4 without Protective Cap 
 

 
Figure 31 – Typical Impact Test Damage, SPC4 

 

Note: Testing stopped after 450mm 
drop as couldn’t install/remove 
measurement gauge 



 13 Copyright © 2018 by ASME 

 
Figure 32 - Impact Test Results, Measured Bolt Stress vs. 

Applied Bolt Stress, Ultrasonic 
 

 
Figure 33 – Typical Impact Test Damage, Ultrasonic 

 

 
Figure 34 - Impact Test Results, Measured Bolt Stress vs. 

Applied Bolt Stress, Rotabolt 

 

 
Figure 35 – Typical Impact Test Damage, Rotabolt 

 

 
Figure 36 – Impact Test Results, Measured Bolt Stress vs. 

Applied Bolt Stress, Maxbolt 
 

 
Figure 37 – Typical Impact Test Damage, Maxbolt 
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Figure 38 - Bending Test Results, Measured Bolt Stress vs. 

Applied Bolt Stress, RT-Bolt 
 

 
Figure 39 - Bending Test Results, Measured Bolt Stress vs. 

Applied Bolt Stress, SPC4 

 
Figure 40 - Bending Test Results, Measured Bolt Stress vs. 

Applied Bolt Stress, Ultrasonic 
 

 
Figure 41 – Bending Test Results, Ultrasonic Waveform at 

450MPa tensile stress  
 

 
Figure 42 - Bending Test Results, Measured Bolt Stress vs. 

Applied Bolt Stress, Rotabolt 
 

 
Figure 43 - Bending Test Results, Measured Bolt Stress vs. 

Applied Bolt Stress, Maxbolt 
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Figure 44 – High Temperature (363°C, 685°F) Test Results, 

Measured Bolt Stress vs. Applied Bolt Stress, RT-Bolt  
 

 
Figure 45 – High Temperature (363°C, 685°F) Test Results, 

Measured Bolt Stress vs. Applied Bolt Stress, SPC4 
 

 
Figure 46 – High Temperature (363°C, 685°F) Test Results, 

Measured Bolt Stress vs. Applied Bolt Stress, Ultrasonic 
 

 
Figure 47 – High Temperature (363°C, 685°F) Test Results, 

Measured Bolt Stress vs. Applied Bolt Stress, Rotabolt 
 
 

 
Figure 48 - Contamination Test Results, Measured Bolt 

Stress vs. Applied Bolt Stress 
 

 
Figure 49 – Tensile Test Results, Failure Stress 

 

A193 B7 Min. Specified Tensile Stress 



 16 Copyright © 2018 by ASME 

 
Figure 50 – Tensile Test Results, RT-Bolt sample 

 

 
Figure 51 – Tensile Test Results, SPC4 sample 

 

 
Figure 52 – Tensile Test Results, Rotabolt sample 

 

 
Figure 53 – Tensile Test Results, Maxbolt sample 

 


