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Critical Stress Areas of Bolt Threads [1]
The critical areas of stress of mating threads are:
1) The tensile-stress area of the external thread (bolt)

For steels of up to 100,000 psi ultimate tensile strength,





where: 


   At = tensile stress area of bolt thread. 


   D = basic major diameter of the thread

    n = number of threads per inch


For steels of over 100,000 psi ultimate tensile strength,
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where: 

   Esmin = minimum pitch diameter of external thread 
2) The shear area of the external thread (bolt), which depends principally on the minor diameter of the tapped hole
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where:


   Knmax = maximum minor diameter of internal thread.

   Esmin  = minimum pitch diameter of external thread..

   Le       = fastener thread engagement length in inches
3) The shear area of the internal thread (hole), which depends principally on the major diameter of the external thread.
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Where:

   Enmax = maximum pitch diameter of internal thread.

   Dsmin = minimum major diameter of external thread.

   

Lengths of Thread Engagement Requirement [1]
If failure of a threaded assembly should occur, it is preferable for the bolt to break rather than have either the external or internal thread strip. In other words, the length of engagement of mating threads should be sufficient to carry the full load necessary to break the screw without the threads stripping.

If mating internal and external threads are manufactured of materials having equal tensile

strengths, then to prevent stripping of the external thread, the length of engagement should

be not less than that given by the following value:
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Where:


   At = tensile stress area of screw thread


   Knmax = maximum minor diameter of internal thread.

   Esmin  = minimum pitch diameter of external thread..

   Le       =  thread engagement length in inches


   n = number of threads per inch

In this formula, the factor of 2 means that it is assumed that the area of the screw in shear must be twice the tensile-stress area to attain the full strength of the screw (this value is slightly larger than required and thus provides a small factor of safety against stripping)
If the internal thread is made of material of lower strength than the external thread, stripping of the internal thread may take place before the screw breaks. To determine whether this condition exists, it is necessary to calculate the factor J for the relative strength of the external and internal threads given by


As x Tensile strength of external thread material (bolt)

   J = ———————————————————————


An x Tensile strength of internal thread material (hole)

If the factor J is less than or equal to 1, the length of engagement is adequate to prevent stripping of the internal thread.  If J is greater than 1, the required length of engagement Q to prevent stripping of the internal thread is obtained by multiplying the length of engagement Le by J:



Q = J x Le



For tapped bolt joint, if the material of tapped hole has lower strength than the bolt, the thread engagement length should be at least equal to Q in order to prevent the stripping of internal thread before the failure of bolt.  If the thread engagement length is less then Q, the magnitude of the bolt preload should be reduced.
Preloaded Bolts

High preload tension increases joint strength, creates friction between parts to resist shear, and improves the fatigue resistance of bolted connections.  Bolt preload in joints should be high enough to maintain joint members in contact and in compression. Loss of compression in a joint may result in loosening of fasteners under conditions of cyclic loading, and reduction of fastener fatigue life.
The recommended preload Po can be determined from [1]:

Po = 0.75 × At × Sp for reusable connections, and 

Po = 0.9 × At × Sp for permanent connections.
 
where:
Po = the bolt preload,



At = the tensile stress area of the bolt, and 


Sp = the proof strength of the bolt.

An approximate value of proof strength can be obtained from: Sp = 0.85 × Sy, where Sy is the yield strength of the material.
Methods of Applying and Measuring Preload

Once the required preload has been determined, one of the best ways to be sure that a bolt is properly tensioned is to measure its tension directly with a strain gage.  The choice of method of tensioning should be based on the required accuracy and relative costs.
Tables 1 and 2 list the frequently used methods of applying bolt preload and the approximate accuracy of each method given by Machinery’s Handbook [1] and NASA [2], respectively.  The difference on the accuracy of the ultrasonic method between two Tables is due to the measurement instrument and the test control method.  In field application involving large bolts, the error in accuracy may be much higher than the Table values.

Table 1: Accuracy of Bolt Preload Application Methods [1]
	Method 
	Accuracy 
	Method 
	Accuracy 

	By feel
	± 35% 
	Computer-controlled wrench
	

	Torque wrench
	± 25% 
	    below yield (turn-of-nut) 
	± 15%

	Turn-of-nut 
	± 15%
	    yield-point sensing 
	± 8%

	Preload indicating washer 
	± 10% 
	Bolt elongation
	± 3-5%

	Strain gages 
	± 1% 
	Ultrasonic sensing
	± 1%



     Table 2: Accuracy of Bolt Preload Application Methods [2]
	
	  Method
	Accuracy

	Torque-measurement:
	 1. Unlubricated bolts
	± 35%

	
	 2. Cad-plated bolts
	± 30%

	
	 3. Lubricated bolts
	± 25%

	Other methods:
	 1. Hydraulic tensioners
	± 15%

	
	 2. Preload indicating washers
	± 10%

	
	 3. Ultrasonic measurement devices
	± 10%

	
	 4. Bolt elongation measurement
	± 5%

	
	 5. Instrumented bolts
	± 5%


Torque is relatively easy to measure with a torque wrench, so it is the most frequently used indicator of bolt tension. Unfortunately, a torque wrench does not measure bolt tension accurately, mainly because it does not take friction into account. The friction depends on bolt, nut, and washer material, surface smoothness, degree of lubrication, and the number of times a bolt has been installed.  Fastener manufacturers often provide information for determining torque requirements for tightening various bolts. If this information is not available, the maximum and minimum expected preloads for bolt diameter ≤ ¾” in the joint may be described by [3]:

    T
Po,max = —— (1.0 + u)


  KD


    T

Po,min = —— (1.0 - u) - Prelax

  KD

where:


Po,max = maximum expected bolt preload, lb


Po,min = minimum expected bolt preload, lb

T = applied torque, in-lb


K = typical nut factor, 0.11 to 0.15 for lubricated fasteners and 0.2 for unlubricated 

       fasteners,

D = nominal fastener diameter (shank), in.


u = preload uncertainty factor, in general, 25%


Prelax = axial bolt preload loss, lb, about 5% of Po,min
As an alternative to the typical nut factor method of determining preload, the torque-preload relationships can be determined experimentally. Here, the torque-preload relationships are determined by direct measurements taken from instrumented joint specimens. Statistical data is recorded for the torque required to achieve a desired bolt force.
Bolt elongation is directly proportional to axial stress when the applied stress is within the elastic range of the material. If both ends of a bolt are accessible, a micrometer measurement of bolt length made before and after the application of tension will ensure the required axial stress is applied.
The ultrasonic method of measuring elongation uses a sound pulse, generated at one end of a bolt that travels the length of a bolt, bounces off the far end, and returns to the sound generator in a measured period of time. The time required for the sound pulse to return depends on the length of the bolt and the speed of sound in the bolt material. The speed of sound in the bolt depends on the material, the temperature, and the stress level. For short bolts (L/D of less than 4:1) significant uncertainty may be dominated by the uncertainty in grip and thread lengths that determine the effect length of the fastener.
The turn-of-nut method applies preload by turning a nut through an angle that corresponds

to a given elongation. The method of calculating the nut-turn angle requires elongation of the bolt without a corresponding compression of the joint material. The turn-of-nut method, therefore, is not valid if there is a significant deformation of the nut and joint material relative to that of the bolt. The nut-turn angle would then have to be determined empirically using a

simulated joint and a tension-measuring device.
Preload Relaxation

Preload relaxation may result over a period of minutes to hours after the first application of the preload due to:

1) Excess bearing stress under nuts and bolt heads caused by local yielding


2) Unevenly distributed bolt tension over the threads in a joint.

Rretightening after several minutes to several days may be required. As a general rule, an allowance for loss of preload of about 5 per cent [3] may be made when designing a joint.

Over an extended period of time, preload may be reduced or completely lost due to:
 
1) Vibration;


2) Temperature cycling, including changes in ambient temperature; 


3) Creep of the joint materials


4) Joint loads

The use of locking methods that prevent relative motion of the joint may reduce the problem of preload relaxation due to vibration and temperature cycling. Creep is generally an effect of softer material or bolt material in high-temperature.  Differences in thermal expansion of the bolts and flange materials that might cause preload to increase or decrease must be taken into consideration.

Application Specific Testing [2]
Application specific testing refers to test conditions that closely resemble the actual configuration.  The preload uncertainties defined above shall be used for small fasteners. Application specific testing is required for large fasteners. In general, a fastener is considered large if it has a diameter > 3/4”.  An application specific test must include the following items:

a. Torque-Preload Tests:

1. Same lubricants

2. Same thread form

3. Same bolt diameter

4. Same type/size of torqued element (nut or bolt head)

5. Same joint configuration

(a) Thickness

(b) Material(s)

(c) Surface finish

(d) Washer(s)

(e) Nut/nutplate/insert

6. Same torque method if torque is used
(a) Approximately the same type of torque wrench

(b) Torqued from same element (bolt head or nut)

b. Preload Loss Tests:

1. Same preload level

2. Same length of thread engagement

3. Same bolt head and nut type/size/material

4. Same bolt diameter

5. Same joint configuration

(a) Material(s)

(b) Surface finish

(c) Washer(s)

(d) Number of joint interfaces

6. Same angle between bolt head/nut and joint interface
c. Coefficient of Friction Tests for Flange and Shim Plates if not available from other resource. 
Care must be taken to maintain the calibration of torque and load indicators.  Preload test shall include both the through-bolt joint and tapped-bolt joint.  The preload loss shall evaluate the short-term preload relaxation and creep of the joint materials, but not the effects of vibration and the thermal cycling.  Additional joint stiffness may be determined either by analysis or an application specific test.  Fatigue S-N data may be obtained from the manufacture.

The torque-preload relationships and the preload loss are determined by direct measurements taken from instrumented joint specimens. A valid application specific test must include an adequate sample and an acceptable
Re-Torquing of Preloaded Bolts [2]
Re-torquing of preloaded bolts using torque measurements as the means of determining the preload often results in unexpected preload values.  If torque measurements are used to determine the preload in bolts which have undergone one or more installation cycles, they requires:

1) Application specific testing, or

2) Direct measurement or any method that does not rely on torque measurement.

An installation cycle is defined as a procedure which produces a positive torque (increases preload) and then subsequently a negative torque (decreases preload) on a bolt.  A preloaded bolt is in its first installation cycle until it is subject to a negative torque for the first time. Therefore, a bolt that has lost preload due to relaxation but as not been subject to a negative torque may be re-torqued and still considered to be in its first installation cycle.
Change in Preload
   1) Due to different coefficients of thermal expansion and temperature change [3]: If the bolt and flange materials have different coefficients of thermal expansion and the joint is subjected to a temperature change, it introduces a tension or relaxation in the bolt as:


  KbKj

Pth =(————(LT(j-b)

            Kb + Kj

Where
Pth = axial bolt load due to thermal effects, lb


Kb = bolt stiffness, lb/in.


Kj = joint stiffness, lb/in.


L = fastener grip length, in.


T = change in temperature, F


j = equivalent joint coefficient of thermal expansion, in./in./F


b = bolt coefficient of thermal expansion, in./in./F
The stiffness of the bolt results from the stiffness of the bolt shank and the stiffness of the bolt thread.  A bolted joint can include a number of separate parts and the individual part stiffness can be calculated approximately.  The total joint stiffness is related to the individual stiffness values as shown below.

 1/ Kj  = ( (1/ Ki)
where i = 1 to number of parts

   2) Due to change in elasticity of temperature change:

Let
Kj1, Kb1  = joint stiffness and bolt stiffness at installation temperature



Kj2, Kb2  = joint stiffness and bolt stiffness at operating temperature


Po1 = preload at installation temperature



Po2 = preload at operating temperature


Then
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Po1(—— + ——(Po2(—— + ——(or

           
          Kb1      Kj1                        Kb2      Kj2
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Po2 = Po1(—— + ——((—— + ——(

           
                   Kb1      Kj1              Kb2      Kj2
   3) Due to creep of the joint materials

Creep is generally an effect of softer joint material or bolt material in high-temperature.  If the creep deformation (c is know in the bolt joint, the loss of bolt preload Pcp is:



 KbKj

Pcp =(————((c

            Kb + Kj
   4) Due to external load [3]:  When an external load is applied to tend separate the joint, part of this load will cause the further extension of the bolt (increase in bolt load). Part of the load will result in an increase of the joint thickness reducing of the compressive load on the joint as follows  




Pe =  Peb  + Pej

where
Pe  = external load 



Peb = external load taken by bolt



Pej  = external load taken by joint

For common joint designs the load is carried somewhere near the midplanes of the flanges.  The loading plane factor is defined as the ratio of the distance between loading planes divided by the total thickness of the joint.


distance between loading planes


  m = ——————————————



   total thickness of joint

The resulting preload change on the bolt becomes:


    mKb

Peb =(————( Pe

            Kb + Kj



      mKb

Pej =(————( Pe

                Kb + Kj

Relationship between Bolt Fatigue Life and Bolt Preload
Fatigue life of a bolt is determined by the magnitudes of mean and alternating stress imposed on the bolt by external cyclic loads.  If there is no bolt preload in loaded bolt joint, the bolt load is equal to the joint load.  However, if preload is applied to the bolt, the joint is compressed and bolt load changes more slowly than the joint load as shown in the equation above (see Change in Preload Due to External Load) because some of the load is absorbed as a reduction of compression in the joint. This condition results in a considerable reduction in cyclic bolt-load variation and thereby increases the fatigue life of the fastener.
Fatigue life usually presented in the form of S-N diagrams, where S stands for stress amplitude and N for number of cycle of applied load.  The stress concentration points at the thread roots and the head-to-body fillets are the major factor, which affect fatigue life.
Preload for Bolts in Shear

Joints required to resist shear are designed as either friction-type or bearing-type connections.  When shear connections subjected to stress reversal, server stress fluctuation, or where slippage would be undesirable, AISC [4] recommend using friction-type.

In shear-loaded joints, with members that slide, the joint members transmit shear loads to the bolts in the joint and the preload must be sufficient to hold the joint members in contact and without additional sliding during the stress cycle.  Therefore, the bolts are subjected to both tensile and shear loading simultaneously.

In joints that do not slide, shear loads are transmitted within the joint by frictional forces that mainly result from the preload. Therefore, preload must be great enough for the resulting friction forces to be greater than the applied shear force.

Shear loads are also produced due to preload torque.   The shear stress induced in the bolt during application of the preload must also be considered in the bolted-joint design.  Joints with combined axial and shear loads must be analyzed to ensure that the bolts will not fail in tension, shear or combined tension and shear.
Bolt Bending
Bolt bending may result from double shear, misalignment during assembly, use of long spacers, prying action, or from flanges that are several orders of magnitude stiffer than the bolt.  In the latter case the flange tends to rotate as a rigid body, forcing the head of the bolt to rotate which applies moment loading to the bolt.
Design criteria
In general, for preloaded joints to work effectively they must meet the following criteria:

1) The bolt must have adequate strength.


2) The joint must have adequate strength


3) The bolt must have adequate fatigue life.
The maximum and minimum preloads must be determined using of the following procedures: 1) typical uncertainty preload value or the application specific test, 2) the positive and negative thermal effects, and 3) the expected preload loss.
The allowable stress criteria are defined in the NCSX design criteria [5].  The shear loads and tension load due to bolt preload and external loads shall be calculated from theoretical or empirical equations and the finite element analysis.
1) The bolt strength criteria
a) The thread engagement length of the bolt shall provide adequate strength for the maximum bolt tension during installation and operating conditions
b) Maximum bolt tension shall be determined from the maximum bolt preload, preload loss, thermal effects, and the external loads. 
c) If preload procedure involves the bolt tension and bolt torque, the combined tensile stress (von Mises stress) vm [1] and the maximum shear stress max determined by the Mohr’s circle can be calculated from the following equations:



vm = (t2 + 3s2)1/2


max = [(t/2)2 + s2)]1/2
where t is the axial applied tensile stress and s is the shear stress caused by the torsion load application.
d) The maximum bolt preload shall be limited by the axial tensile allowable of bolt tensile area and the bolt thread shear area.
e) If the bolt is subjected to both tensile and shear loading simultaneously, the following relationship must hold true for the maximum bolt axial load [3]


Rt2 + Rs3 ≤1

where Rt is the ratio of maximum axial load to axial load allowable and  Rs is the ratio of shear load to shear load allowable

f) If combined tension, shear, and bending are experienced, the following interaction equation must be satisfied [3]



(Rb + Rt)2 + Rs3 ≤1

where Rb is the ratio of maximum bending load to bending load allowable.
g) The locking device shall be selected to prevent the failure of loose bolts

2) The joint strength criteria

a) The separation of a preloaded joint must not occur.  The equation for external load taken by the joint Pej is described above in the section of change of preload due to external load.  Separation of a joint may occurs when  Pej  = Po,min   
b) If the bolt is loaded in shear, bearing stress may occur as the bolt is pressed against the side of the bushing. The allowable bearing stress shall be limited to the yield strength at temperature.
c) The minimum bolt preload shall be used to calculate the friction force if the joint is designed as friction type.

d) In shear-loaded joints, with members that slide, the joint members transmit shear loads to the bolt and the minimum preload must be sufficient to hold the joint members in contact and without additional sliding during the stress cycle.

e) The maximum axial bolt load shall be used to calculate the bearing stress under the bolt head, nut, washer, and the insulation material.
f) The washer shall be big enough to spread the maximum preload on the flange or the insulation material.  Thus the washer thickness shall provide enough strength for the bending and shear stress under the bearing load.

3) The bolt fatigue criteria,

     The preload stress level and the cyclic stress variation shall satisfy the acceptable fatigue life curve.
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