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If you want to learn more about best practice machinery maintenance, or world 

class mechanical equipment maintenance and installation practices, follow the 

link to our Online Store and see the Training presentations and Books there… 

http://www.lifetime-reliability.com/store/machinery-maintenance-and-

inspection/store-machinery-maintenance.html  

This document is a summary of... 

Bolt Tensioning 
A bolt and nut are designed to act together as the internal threaded fastener (nut) is tightened onto the 

externally threaded fastener (bolt). The bolt is forced to stretch and elongate. This stretching/elongation 

is maintained by the head of the bolt and the nut on the joint thereby maintaining the joint at the 

desired tension (Bolt tensioning).  

As a rule, the joint will have been designed with sufficient fastener to apply the required clamp load at 

65% of the fastener proof load stress figure i.e. well below the fastener’s yield point.  

Yield point or yield strength 

It is defined as the load that is necessary to stretch the fastener to the point where, after the load is 

removed, the bolt will not return to its original or previous length. It has moved from being elastic to 

plastic behaviour.  

In order for the fastener to incur a longer length part of bolt donates material. This will come from the 

threads, which are the weakest part of the bolt. A section of the threaded portion of the bolt wall 

suffers a reduction of area and will “neck out”, creating a “dog bone” appearance. The change in stress 

area makes the bolt considerably weaker and as the bolt is stretched even further the clamping load 

decreases. Additional stretching (caused by operator attempting to retighten the joint and fastener) will 

cause the bolt to break at its tensile point. 

 

http://www.lifetime-reliability.com/store/machinery-maintenance-and-inspection/store-machinery-maintenance.html
http://www.lifetime-reliability.com/store/machinery-maintenance-and-inspection/store-machinery-maintenance.html
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Minimum bolt pretension for pretensioned and slip critical joints (McMurdo, 2001) 

 

(Engineerhandbook.com, 2006) 

Tensile strength 
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It is the maximum tension applied – load a fastener can support i.e. how far it will stretch prior to failure 

or coincident with its fracture. The unit is usually shown as MPa (figures are quoted as minimum). 

Clamp load 

To produce clamp load, the fastener must be placed in tension. If the fastener is not stretched then 

there is no clamping load. Once the bolt is clamped and firmly seated in the joint bolt tension now 

results from the turning of the nut along the threads of the bolts. The bolts start to stretch elastically, 

proportional to the amount of nut advancement. As the nut is further turned the threads of the bolt and 

nut are forced together under enormous pressure generating friction between the mating threads and 

also causing tensional twisting to the body of the bolt between the clamped surfaces. The bolt is 

experiencing two forces simultaneously, tension and torsion. 

In a bolted connection, the bolt must be stretched sufficiently to produce static preload upon the 

connection that is greater than the expected external load rather than the joint assembly acting upon 

the bolt themselves. These external loads must be known so that the proper grade, size, diameter, 

thread pitch and number of fasteners can be chosen to create a safe joint or fastening. 

When selecting the proper grade of fastener, proof load is the most important physical property of the 

fastener. Proof load is the maximum safe load that can be applied to a fastener without inducing 

permanent deformation, as with yield.  Tensile strength is the point at which the fastener will break. The 

fastener must be stretched far enough to produce a pre-determined amount of safe preload to the 

assembly without causing any permanent damage to the fastener.  

Proof load stress 

The tensile load applied to a fastener, which causes the material to exceed its plastic limit. 

Fasteners are generally “torqued” to 65% of the designated proof load stress figure for that fasteners 

specific diameter and thread form (Bolt tensioning). However other sources suggested as high as 80% 

(Roymech, 2009). 

Preload 

It is tension placed on the bolt by the nut (not the load). Preload is applied to the connection by 

stretching the fastener to a certain torque value. Torque is the turning moment of fastener or nut, which 

is expressed as the product exerted and the length of the lever arm. Due to the many variables 

associated with the torque, a safety factor is calculated in determining torque value which will produce 

a clamp load lower than the yield point of that fastener. 

As a rule of thumb, the preload should exceed the maximum load by 15% or so.  

Torque 

The torque applied to fastener must overcome all friction before loading take place. 50% of torque 

applied is to overcome head-bearing friction, 35 % is to overcome thread friction, 15% is available to 

produce bolt load (Bolt tensioning).  
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............................................................................................................ 

Stress concentration 

Study found the three danger points of stress concentration in a bolt are fillets, where the head joins the 

body; the thread run out point, where the threads meet the body; and the first thread to engage the nut. 

 

The table below outlines the selected dimensions for a selection of British standards ISO metric 

precision hexagon bolts. BS 3692: 1967, all dimensions in millimetres (Childs, 2004): 

 

Tensile strength is defined using an area based on an average of the minor and pitch diameter: 

    
 

  
        

  

For ISO threads: 

dp = d – 0.649519p 

dr = d – 1.226869p 
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Bolts are normally tightened by applying torque to the head or nut, which causes bolt to stretch. The 

stretching results in bolt tension, known as preload, which is the force that holds a joint together. 

Torque meter can be used to measure bolt tension. High preload tension helps to keep bolts tight, 

increases the strength of a joint, and generates friction between parts to resist shear and improves the 

fatigue resistance of bolted connections.  

The recommended preload for reusable connection can be determined by: 

Fi = 0.75AtƠp 

For permanent joint: 

Fi = 0.90AtƠp 

Where At is the tensile stress area of the bolt (m2); Ơp proof strength of the bolt (N/m2) (it is the highest 

tensile force bolts could withstand without taking any permanent deformation, same as proof load); 

Material properties for steel bolts are given in SAE standard J1199 and by bolt manufacturers.  

Once the preload has been determined the torque required to tighten the bolt can be estimated from: 

T = KFid 

Where T is wrench torque (N m); K, constant; Fi, preload (N); d, nominal bolt diameter (m). 

The value of K depends on the bolt material and size. In the absence of data from manufacturers or 

detailed analysis, values for K are given in the table below for a variety of materials and bolt sizes: 

 

Example question: 
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 dp and dr are the pitch and minor diameters respectively.  

(http://www.zerofast.com/torque.htm) below 

It must be understood that every bolted joint is unique and the optimum tightening torque should be 

determined for each application by careful experimentation. A properly tightened bolt is one that is 

stretched such that it acts like a very ridged spring pulling mating surfaces together. The rotation of a 

bolt (torque) at some point causes it to stretch (tension). 

Several factors affect how much tension occurs when a given amount of tightening torque is applied. 

The first factor is the bolt's diameter. It takes more force to tighten a 3/4-10 bolt than to tighten a 318-

16 bolt because it is larger in diameter. The second factor is the bolt's grade. It takes more force to 

stretch an SAE Grade 8 bolt than it does to stretch an SAE Grade 5 bolt because of the greater material 

strength. The third factor is the coefficient of friction, frequently referred to as the "nut factor." The 

value of this factor indicates that harder, smoother, and/or slicker bolting surfaces, such as threads and 

bearing surfaces, require less rotational force (torque) to stretch (tension) a bolt than do softer, rougher, 

and stickier surfaces.  

The basic formula T = K x D x P stated earlier takes these factors into account and provides users with a 

starting point for establishing an initial target tightening torque. 

The reason all applications should be evaluated to determine the optimum tightening torque is that the K 

factor in this formula is always an estimate. The most commonly used bolting K factors arc 0.20 for plain 

finished bolts, 0.22 for zinc plated bolts, and 0.10 for waxed or highly lubricated bolts. 
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The table in this article shows that by using this formula a 1/2-13 Grade 5 plain bolt should be tightened 

to 82 foot pounds, but the same bolt that is waxed only requires 41 foot pounds to tighten the same 

tension. A perfect 1/2-13 Grade 5 waxed bolt will break if it is tightened to 81 foot pounds because the K 

factor is drastically lower. The bolts are fine, but the application changed. Suppliers need to understand 

this and be able to educate their customers to resolve this common customer complaint about breaking 

bolts. 

 

................................................................................................................................................................... 

Bolts used in steel structures are of three types: 1) black bolts 2) Turned and fitted bolts 3) High strength 

friction grip bolts. 

The International Standards Organisation designation for bolts, also followed in India, is given by Grade 

x.y. In this nomenclature, x indicates one-tenth of the minimum ultimate tensile strength of the bolt in 

kgf/mm 2  and the second number, y, indicates one-tenth of the ratio of the yield stress to ultimate 

stress, expressed as a percentage. Thus, for example, grade 4.6 bolt will have a minimum ultimate 

strength 40 kgf/mm 2 (392 Mpa) and minimum yield strength of 0.6 times 40, which is 24 kgf/mm 2  

(235 Mpa) (Kumar). 

Black bolts are unfinished and are made of mild steel and are usually of Grade 4.6.  Black  bolts  have  

adequate  strength  and  ductility  when  used  properly;  but  while tightening the nut snug tight (“Snug 

tight” is defined as the tightness that exists when all plies in a joint are in firm contact) will twist off 

easily if tightened too much. Turned –and- fitted  bolts  have  uniform  shanks  and  are  inserted  in  

close  tolerance  drilled  holes  and made  snug  tight  by  box  spanners.  The  diameter  of  the  hole  is  

about  1.5  to  2.0  mm larger than the bolt diameter for ease in fitting. High strength black bolts (grade 

8.8) may also be used in connections in which the bolts are tightened snug fit.  
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In these bearing type of connections, the plates are in firm contact but may slip under  loading  until  the  

hole  surface  bears  against  the  bolt  .The  load  transmitted  from plate  to  bolt  is  therefore  by  

bearing  and  the  bolt  is  in  shear  as  explained  in  the  next section. Under dynamic loads, the nuts are 

liable to become loose and so these bolts are not allowed for use under such loading. In situations 

where small slips can cause significant effects as in beam splices, black bolts are not preferred. However, 

due to the lower  cost  of  the  bolt  and  its  installation,  black  bolts  are  quite  popular  in  simple 

structures subjected to static loading.  

 Turned and fitted bolts are available from grade 4.6 to grade 8.8. For the higher grades there is no 

definite yield point and so 0.2% proof stress is used.   

High Strength Friction Grip bolts (HSFG) provide extremely efficient connections and perform well under 

fluctuating/fatigue load conditions.   

These bolts should be tightened to their proof loads and require hardened washers to distribute the 

load under the bolt heads.  The  washers  are  usually  tapered  when  used  on  rolled  steel  sections. 

The tension in the bolt ensures that no slip takes place under working conditions and so the  load  

transmission  from  plate  to  the  bolt  is  through  friction  and  not  by  bearing  as explained  in  the  

next  section.  However, under ultimate load, the friction may be overcome leading to a slip and so 

bearing will govern the design.   

 HSFG bolts are made from quenched and tempered alloy steels with grades from 8.8 to 10.9. The most 

common are the so-called, general grade of 8.8 and have medium carbon  content,  which  makes  them  

less  ductile.  The 10.9 grade have a much higher tensile strength, but lower ductility and the margin 

between the 0.2% yield strength and the ultimate strength is also lower.      

Tension connection with bearing and HSFG bolts (Kumar) 

 

The  free  body  diagram  of  the  tension  transfer  in  a  bearing  type  of  bolted connection  is  shown  

in the figure above.  The variation of bolt tension due to externally applied tension is shown in Figure c 

below.  It is seen that before any external tension is applied, the force in the bolt is almost zero, since 

the bolts are only snug tight. As the external tension is increased, it is equilibrated by the increase in bolt 

tension. Failure is reached due to large elongation when the root of the bolt starts yielding. Depending 

on the relative flexibility of the plate and the bolt, sometimes the opening of the joint may be 

accompanied by prying action (Figure d below). 
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The free body diagram of an HSFG bolted connection is shown in Figure b above, it is seen that even 

before any external load is applied, the force in the bolt is equal to proof load.  Correspondingly  there  

is  a  clamping  force  between  the  plates  in  contact. When  the  external  load  is  applied,  part  of  the  

load  (nearly  10%)  of  the  load  is equilibrated by the increase in the bolt force. The balance of the 

force is equilibrated by the reduction in contact between the plates.  This  process  continues  and  the  

contact between the plates is maintained until the contact force due to pre-tensioning is reduced to  

zero  by  the  externally  applied  load.  Normally, the design is done such that the externally applied 

tension does not exceed this level. After the external force exceeds this level, the behaviour of the bolt 

under tension is essentially the same as that in a bearing type of joint. 

 

The prying force is significant, and can be calculated as given below and added to the tension in the bolt: 

 

 Lv = distance from the bolt centreline to the toe of the fillet weld or to half the root radius for a 

rolled section 

 Le = distance between prying force and bolt centreline and is the minimum of, either the end 

distance 

 Β = 2 for non-pre-tensioned bolt, 1 for pre-tensioned bolt 

 Γ = 1.5 

 be = effective width of flange per pair of bolts 

 fO = proof stress in consistent units 

 t = thickness of the end plate 
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Design tensile strength of bearing and HSFG bolts 

In a tension or hanger connection, the applied load produces tension in the bolts and the bolts are 

designed as tension members. If attached plate is allowed to deform, additional tensile forces called 

prying forces are developed in the bolts. 

Tension capacity – A bolts subject to a factored tension force (Tb) should satisfy: 

 

Where, Tnb = nominal tensile capacity of the bolt, calculated as follows: 

 

Where: 

 fub = ultimate tensile stress of the bolt 

 fyb = yield stress of the bolt 

 An = net tensile stress area 

 Asb = shank area of the bolt 

Shear strength of bearing type bolts 

Refer to (Kumar) 

Combine shear and tension failure 

A bolt required to resist both design shear force (V sd ) and design tensile force (T nd ) at the same time 

shall satisfy: 

 

 V = applied shear 

 Vsd = design shear capacity 

 Te = externally applied tension 

 Tnd = design tension capacity  

 

.................................................................................................................................................................. 

 

A more accurate method of determine tension in bolt (HSFG) is illustrated as follows (Roymech, 2009): 
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It is proved that majority of the torque is required to overcome the thread and collar friction forces 

(approximately 90%).  

Based on the above formulae, a simplified version can be derived assuming μc = μ , d m = 0.92 d , α = 30o. 

rc = 0.625 d. If the denominator is simplified to π.dm the equation reduces to: 

 

Methods of setting bolt preload tension 
High strength friction grip (HSFG) bolts and nuts require to be tensioned in accordance with BS 4604 

which specifies min. loads to be achieved (Please refer to BS 4604 attached for more details). It also 

specifies three methods of determining bolt tension, i.e. (Roymech, 2009):  

i) Torque Control  

ii) Part Turn of Nut  

iii) Direct Tension Measurement  

 

Torque Wrench 

This method is sometimes known erroneously as "torque control". The bolts are tensioned in a tension 

calibrator on the site.   The wrench is then set to cut out at that torque (the wrench becomes 

"calibrated"), and then all similar bolts that day are installed to that torque after the joint is snugged 

first.   Rotation during the tightening process must be limited to a specific value.  Actual results of 

tension in bolts produced by this method are acknowledged to be highly variable, even when this 

method is followed exactly. 

 

Turn of Nut 

After snugging the joint, the bolt shank and nut is marked and then a specific amount of rotation is 

induced between the nut and the bolt.   The amount of rotation differs for different bolt lengths and 

diameters and therefore must be known and understood by the bolt installers in advance.   The success 

of the method is dependent on a correct snugging of the joint, and is dependent on the bolt head being 

held from turning so the bolt does not spin in the hole.  

Note: Turn-of-nut does not work correctly when the steel surfaces are coated with a compressible 

coating such as high paint thickness or hot dipped galvanized zinc.  
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Direct Tension Indicator Washers 

A number of direct tension indicator systems are available (see links below) the most popular being the 

DTI washers. ..The notes below relate to DTI washers.. 

 

DTI washers measure the bolt tension developed during tightening, regardless of the torque resistance 

of the bolt.   By far the simplest method, a DTI washer is put on the head or nut end of the bolt.  The 

bolts are then slightly tensioned snugging the joint by partially (but not fully) compressing the DTI 

(tightening the nut). 

 

Then all the bolts are tightened such that the DTI's are "crushed" to the point where a feeler gage 

cannot be inserted half way around (tightening the nut). DTI's are completely independent of the torque 

resistance of the bolt assembly. 

 

If the DTI is put on the nut end of the bolt, tightening can be done by one person because it is not 

necessary access the bolt head side. 

 

Other methods of setting Bolt tension 

There are a number of more exotic methods of pre-setting the bolt tension including 

 Using Strain gauges..Accurate /complicated /expensive.   Some skill 

required 

 Using ultrasonics instruments..Accurate and not expensive over the long 

term.   Some skill required 

 Using special bolts with built-in (mechanical or electronic) extension 

measurement e.g Rotobolt.    Good but relatively expensive  

 Using hydraulics (or heat) to pretension bolts    See note below 

 Using multi-jackbolt system (Superbolt) a variation of torque control. 

Note:  

Using heat is based on heating the bolt(and nut) to a set temperature.   The bolt is inserted quickly and 

the nut tightened snugly.  The bolt is then allowed to cool and the contraction results in the required 

tension.   If a tension Fp is required for a bolt with a CSA of Ab then the required bolt stress is calculated 

σ= F p / Ab 

The bolt is heated to a temperature of  

T = *σ /(E.e)+ + T o 

E= Youngs Modulus (N/m2 )....e = Coefficient of thermal expansion (m/m)/deg.C....To = ambient 

temperature (deg. C) 

 

This method is very difficult to implement the bolt has to be heated while the bolted joint has to be kept 

at ambient temperature. The accuracy of the heating method is very much limited by quality of the 
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procedure followed. 

 

Hydraulic bolt tensioners use an annular hydraulic jack placed around the screw, stretching it 

axially.   When the required stress level is reached, the nut is tightened snugly and then the pressure 

released, resulting in a preloaded bolt without any frictional or torsional stresses. 

 

The hydraulic method can provide very accurate preload (+/- 1%) on long bolts but it is less accurate on 

short bolts. 

Preload setting errors 

 Operator "Feel" +/- 35% Torque  

 Wrench +/- 25%  

 Angle Torquing (Turn of nut) +/- 15% 

 Load Indicating Washer +/- 10%  

 Measuring Bolt elongation +/- 5% 

 Hydraulic Bolt pretension +/- (1% to 10%)  

 Strain Gauges / Ultrasonics +/- 1%  

 Superbolt multi-jackbolt tensioners +/- 5% 

Inspection 

Length of bolt (BS 4604 – 1 – 1970) 

The minimum length of the bolt should be calculated by adding to the grip the allowance given in the 

table below. The figure given allow for the thickness of one nut and one flat washer and for sufficient 

protrusion of the bolt end (BS 4604 – 1 – 1970).  

 

Shear connection (BS 4604 – 1 – 1970) 
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In connections subject only to shear in the plane of the friction faces, the number of friction grip bolts 

and their disposition shall be such that the resulting load at any bolt position does not exceed the value: 

           

           
                                                       

             
         

                                                  
 

Connection subject to external tension in the direction of the bolt axes (BS 4604 – 1 – 1970) 

The maximum permissible external tension on any bolt shall not exceed 0 – 6 of the proof load of the 

bolts used, as given in the Table below. However, where fatigue conditions are involved, the maximum 

permissible external tension on any bolt shall be limited to 0·5 of the proof load. 

Connections subject to external tension in addition to shear (BS 4604 – 1 – 1970) 

An externally applied tension in the direction of the bolt axes reduces the effective clamping action of a 

bolt which has been tightened to induce shank tension. To allow for this effect, the permissible resulting 

load at any bolt position, as calculated from Shear connection equation above, shall be reduced by 

substituting for the proof load of the bolt an effective clamping force obtained by subtracting 1.7 times 

the applied external tensile load from the proof load. 

Under this rule, the effective clamping action of a bolt is considered to cease when the externally 

applied tension reaches 0·6 of its proof load, which is the maximum permissible value (see Connection 

subject to external tension in the direction of the bolt axes above). 

 

Table: Proof loads of bolts (minimum shank thickness) (BS 4604 – 1 – 1970) 

 

International standards ISO 4759  

This standard (in mm) specified a selection of tolerances for bolts, screws, studs and nuts with ISO 

metric thread and with product grade A, B and C and for tapping screws with product grade A.  

(The product grade refers to the size of the tolerances where grade A is the most precise and grade C is 

the least precise.)  

(Refer to page 44 of ISO 4759 for more detail, in terms tolerance symbol) 
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You can learn a lot more about rotating equipment health management with the 4-day Rotating 

Machinery Maintenance and Reliability Training Course PowerPoint Presentation available to buy at the 

Lifetime Reliability Solutions online Web store. 

 
You can learn a lot more about rotating equipment vibration management with the 4-day Fundamentals 

of Machinery Vibration Measurement, Vibration Analysis and Vibration Control Training PPT PowerPoint 

Presentation available to buy at the Lifetime Reliability Solutions online Web store. 

http://www.lifetime-reliability.com/store/maintenance-management/rotating-machinery-management/rotating-machinery-management.html
http://www.lifetime-reliability.com/store/maintenance-management/rotating-machinery-management/rotating-machinery-management.html
http://www.lifetime-reliability.com/store/maintenance-management/vibration-measurement-and-analysis/machinery-vibration-measurement-and-analysis.html
http://www.lifetime-reliability.com/store/maintenance-management/vibration-measurement-and-analysis/machinery-vibration-measurement-and-analysis.html
http://www.lifetime-reliability.com/store/maintenance-management/vibration-measurement-and-analysis/machinery-vibration-measurement-and-analysis.html

