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0 TORQUE WON'T DISCOVER "LOOSE" BOLTS 

-7' 
ABSTRACT 

Movable bridges are assembled using high strength bolts, and 
normally the bolts are inspected with torque wrenches. 
Recent observations of bolts loosening in bridge connections 
has prompted re-examination of preload quality assurance 
procedures based on torque measurements. The author reviews 
recent preload data from ultrasonic bolt tension 
measurements, and other data, and shows that torque cannot be 
reliably related to bolt tension in a field situation. For 
some bolt/nut assemblies, the author shows that while torque 
can be very high, the tension in the bolt can be very low, 
and proposes that this is the probable root cause of the 
observed "bolt loosening" problem. 
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TORQUE WON'T DISCOVER LOOSE BOLTS 

PRELOAD 

The i n i t i a l  t e n s i o n  i n  a b o l t  after i t  h a s  been i n s t a l l e d  is 
te rmed  "p re load" .  B o l t s  must b e  i n s t a l l e d  t o  a minimum l e v e l  
of p r e l o a d ,  u s u a l l y  e x p r e s s e d  ( i n  Uni ted  States) as  k i p s ,  or 
t h o u s a n d s  o f  pounds. An ASTM A 325 b o l t ,  7/8 " d i a m e t e r ,  f o r  
example,  is t o  be  p r e l o a d e d  t o  39 k i p s ,  or more. There  is no  
upper  l i m i t  t o  t h i s  s p e c i f i e d  p r e l o a d ,  o n l y  a lower l i m i t .  

CAUSES O F  LOOSENING BOLTS 

N o  work h a s  been done t o  t h e  a u t h o r ' s  knowledge t o  t r y  t o  
e s t a b l i i h  t h e  p r e c i s e  mechanism of  b o l t  p r e l o a d  loss. I t  is 
t h o u g h t  t h a t  b o l t s  un load  d u e  t o  one  o r  s e v e r a l  causes :  

1. I n a d e q u a t e  p r e l o a d  ( t e n s i o n )  d u r i n g  i n s t a l  l a t i o n .  

2. Underdes i  gn of c o n n e c t i o n s .  

3. R e l a x a t i o n .  

4. High a m p l i t u d e  l o w  c y c l e  f a t i g u e .  

5. Poor i n i t i a l  f i t - u p .  

B r i d g e  c o n n e c t i o n s  are t o  b e  d e s i g n e d  so t h a t  t h e y  d o  n o t  
s l i p  under  s e r v i c e  l o a d s .  I t  is w e l l  known t h a t  o n c e  a 
c o n n e c t i o n  " s l i p s " ,  t h e  b o l t  p r e l o a d  is s u b s t a n t i a l l y  los t  
f r e f .  1, 21. Even when a c o n n e c t i o n  d o e s  n o t  " s l i p " ,  for  
example i n  an  end p l a t e  c o n n e c t i o n ,  i f  s u b j e c t e d  t o  l o w  c y c l e  
h i g h  a m p l i t u d e  f a t i g u e  fref. 3 ) ,  t h e  b o l t  p r e l o a d  w i l l  " shake  
down" w i t h i n  a f e w  c y c l e s  t o  a v e r y  l o w  v a l u e .  Subsequen t  t o  
t h i s ,  s l i p  can  occur  e a s i l y .  Of c o u r s e ,  i f  a c o n n e c t i o n  is 
s u b j e c t e d  t o  u n a n t i c i p a t e d  l o a d i n g s  f rom underdes ign  .or 
h i g h e r  t h a n  expec ted  p r y i n g  l o a d s ,  t h e  p r e l o a d  c a n  b e  r educed  
t o  low v a l u e s  f r e f  41. 
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Relaxation of bo l t  preloads, especial 1 y i n  galvanized bo l t s  
(ref 1, 18) , can be on the order of  1WL. This would not 
generally be considered a root  cause of a b o l t  coming 
completely "loose", but  can contribute. 

The most common cause of apparently loosening bo l t s  i s ,  i n  
the author's opinion, the +act t ha t  the b o l t  has not been 
proper1 y preloaded during ins ta l la t ion .  

This paper discusses t h i s  most common and preventable cause 
of b o l t  preload "loss", viz. the b o l t  not having been highly 
preloaded during the i n i t i a l  i ns ta l l a t i on .  

HIGH INITIAL PRELOAD 

If a b o l t  has been preloaded t o  over 70% of the minimum 
specif ied u l t imate tension f o r  i t ' s  grade, as external load 
i s  applied t o  a connection, the b o l t  "sees" only a change i n  
tension which i s  a f rac t i on  of the external load. (Figure 1) 
The f r ac t i on  seen i s  determined by the r e l a t i v e  st i f fnesses @ of the b o l t  vs the s tee l  p la te  i n  the connection. 

Conversely, (as i n  Figure 2), if a b o l t  has been preloaded 
only t o  a low value, the  same external load f luc tua t ion  w i l l  
produce a tension change i n  the b o l t  which i s  r e l a t i v e l y  . 
higher compared t o  the  i n i t i a l  preload. 

Figure 3 shows how, f o r  external load changes expressed as a 
percentage o f  bo l t  preload "P", the i n i t i a l  preload i n  the 
b o l t  w i l l  change expressed as a percentage of i t s  preload. 
I n  the example used, the  r e l a t i v e  s t i f f ness  of the bo l t  t o  
the clamped plates i s  1:5, and i t  can be seen tha t  a b o l t  i n  
t h i s  s i t ua t i on  preloaded t o  only iCI% of "P" w i l l  experience a 
10W% tension change when subjected t o  an external load change 
of 50% of "P" . When the  external load change i s  more than 

- t h i s  leve l ,  the bo l t  i n i t i a l l y  preloaded t o  only 10% of "P" 
w i l l  suddenly be required t o  take the  e n t i r e  external force. 
This i s  the po in t  of  p l a t e  separation, and i t  i s  t h i s  load 
change tha t  can cause the  b o l t  severe distress,  and complete 
loss of preload. From t h i s  po in t  on i n  the l i f e  of the 
connection, the b o l t  w i l l  remain loose. Subsequent v ibrat ion 
w i l l  o f ten cause t o  b o l t  and nut t o  become separated. 
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Figure 4 shows the t y p i c a l  tension/elongation curve for  an 
ASTM A 235 b o l t  loaded i n  pure tension. The specif ied 
minimum preload i s  70% of the minimum speci f ied ul t imate 
strength CUTS) of the b o l t ,  which i s  the highest po in t  on i t s  
tension/elongation curve. Most high strength b o l t s  have a 
minimum UTS somewhat higher than t h e i r  specif ied minimum. 

METHODS ALLOWED TO INSTALL BOLTS 

AASHTO al lows four methods: 

1. Calibrated wrench 

3. D i rec t  Tension Ind icators  

4. Other (Biach, Twist-Off, Huck, etc.) 

The stated object ive of a l l  these methods i s  t o  produce an 
i n i t i a l  tension or preload i n  the b o l t  which i s  a t  or  above 
70% of the b o l t ' s  minimum u l t imate  t e n s i l e  strength; The 
actual minimum preloads are l i s t e d  on Figure 5. 

THE "GUIDE" SHOWS WHAT PRELOADS ARE EXPECTED IN THE LAB 

The "Guide" (ref 1) shows what preloads are achieved i n  the 
laboratory by ca l ibra ted wrench and turn-of-nut i n s t a l l a t i o n  
methods. Figure 6 i s  reproduced from the "Guide". Figure 6 
shows that ,  i n  the laboratory, w i th  a l l  the cont ro ls  possible 
on i n s t a l l a t i o n  condit ions, the mean preloads should be 
between 13% and 3% higher than the 7 0 X  minimum level ,  and 
shows tha t  the expected standard deviat ions of  these methods 
w i l l  f i n  the lab) be between 6% and 12%. Standard deviat ions 
are a measure of the v a r i a b i l i t y  of  expected resu l ts .  A 
standard deviat ion of 6%. fo r  example, ind icates tha t  99.73% 
of a l l  r esu l t s  w i l l  be between the  mean value l ess  18% as a 
lower bound, and the mean value p lus  18% as an upper bound. 
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These preload p robab i l i t i es  are factored i n t o  the formulas 
developed i n  the guide f o r  s l i p  resistance. If these 
d i s t r i bu t i ons  of expected preloads are not achieved, the 
calculated s l i p  resistance of the connection w i l l  not be 
achieved . 

ULTRASONIC MEASUREMENTS HAVE SHOWN WHAT PRELOADS ARE ACHIEVED , 
IN THE FIELD 

By u l t rason ica l l y  measuring the length of bo l t  a f te r  
i ns ta l l a t i on ,  then releasing the b o l t  and u l t rason ica l l y  
measuring the bo l t  length again, an ind icat ion of b o l t  
elongation can now be accurately measured i n  the f ie ld .  (ref 
5 )  This length change can be cal ibrated by laboratory 
measurements on the same bol t /nut  assembly t o  give an 
accurate measure of b o l t  preload which was i n  the b o l t  when 
i t  had been i ns ta l  led. 

Some of the f indings ( re f  6, 7, 8 )  from these ul t rasonic 
measurements have shown tha t  many bo l t s  (Figure 7) apparently 
were not preloaded t o  the minimums specified, and that  the 
standard deviations of the resu l t s  were far  i n  excess of 
those from the "Guide". This, despite i n s t a l l a t i on  methods 
and qua1 i t y  assurance procedures compatible with AASHTO, 
Research Council, and A ISC documents, now i s  d i rec t  evidence 
t ha t  many ( l i t e r a l l y  thousands) bo l t s  would have been l e f t  i n  
structures without specif ied preloads. Many of  these wou.3 
have had v i r t u a l l y  no preload a t  a l l .  

Although condit ions on each jobs i te  seem t o  be vas t ly  
d i f f e ren t  (see Figures 8, 9, and 101, and although the number 
of  b o l t  preloads checked by t h i s  method i s  as yet small ( less 
tha t  1000 bo l t s  checked a t  random), i t  can be seen tha t  the 
desired preloads are not being uniformly produced. Many of 
the bo l t s  tested i n  t h i s  manner were, i n  fac t ,  found t o  be 
essential1 y "loose", a1 though s i t e  inspection teams had 
passed them by using torque measurements. 
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FIELD CONDITIONS CAUSE WIDE QUALITY VARIATIONS 

It i s  no surprise that ,  i n  the f i e l d ,  of ten laboratory 
condit ions cannot be duplicated. As applied t o  bo l t ing,  the 
di f ferences include 

1. Snug po in t  - 
Where i s  the elusive "snug" po in t  where theore t ica l l y  
the p la tes of a connection have been compacted? On a ' 
la rge  bridge spl ice, t h i s  po in t  i s  extremely d i f f i c u l t  
t o  determine. I f  the p la tes have not been brought 
together f i r s t ,  any of the speci f ied i ns ta l l a t i on  
methods are meaningless, because of  the po ten t ia l  1 y 
la rge  e f fec t  on previously tensioned bo l t s  tha t  
t ighten ing of f resh bo l t s  may have (ref  2, 9). This 
e f fec t  i s  only cont ro l lab le  i f  two or more passes are 
made over the array of bolts. 

2. Equipment - 
I s  the  impacting wrench being used capable of overcoming 
the torque resistance of the bolt/nut/washer assembly? 
I f  i t  i s  not, due t o  inadequate a i r  pressure or 
condi t ion of the wrench, the operator can only go t o  the 
po in t  where the equipment refuses, and no fur ther.  

3. Hardware qua l i t y  - 
Overtapped nuts, so f t  nuts, s o f t  f l a t  washers, 
improperly manufactured bo l ts ,  a l l  can conspire t o -  
defeat the b o l t  i n s t a l l e r .  When b o l t  hardware from many 
suppl iers i s  found on the same s i t e ,  the i n s t a l l a t i o n  
crew may succeed wi th  one combination but f a i l  t o  get 
the required preload wi th another. 

4. Operator d i l igence - 
Ironworkers are l ess  disposed t o  do a thorough job today 
t ha t  they were ten  o r  twenty years ago. Cost pressures 
today i n  a competit ive industry fo rce  some i n s t a l l a t i o n  
crews t o  cut corners where they can do so. The en t i r e  
i n s t a l l a t i o n  procedure including a snug pass and a f i n a l  
pass may not have been done a t  a l l .  

5. Nut ro ta t i on  - 
Turn-of-nut procedures requi re  tha t ,  a f te r  "snugging" 
the connection, a t u rn  be made o f  the nut  r e l a t i v e  t o  

Tampa Movable Bridge Conference 6 
(continued) 



0 Tampa Movable Bridge Conference 
"Torque Won't Discover Loose Bol ts"  

the b o l t  shank. Mod f i e l d  brocedures i n  North America 
ac tua l l y  c a l l  f o r  the wrench chuck t o  be turned, often 
ignor ing the necessity of ensuring a r e l a t i v e  tu rn  being 
made between the nut  and the b o l t  shank. Often, the 
f i e l d  tu rn  procedure i s  done t o  a timed in terva l ,  which 
i s  less re l iab le .  And the ca l ib ra t ion  of s u c h  
procedures, although theoret ical  1 y done dai 1 y on 
Skidmores on s i te ,  are of ten neglected or, i f  done, f a i l  
t o  take i n t o  account the compression of the Skidmore 
device which i s  un l i ke  the s o l i d  p lates i n  a connection. ' 

6. Time - 
A b o l t  assembly one day a f t e r  i n s t a l l a t i on  w i l l  
demonstrate a d i f fe ren t  torque resistance when compared 
t o  a new bol t /nut  j us t  out of the keg. It has been 
demonstrated (ref 10) tha t  a f te r  one or two weeks, wi th  
ra in ,  heat, s a l t  a i r ,  etc. act ing on the threads and nut 
face, the torque resistance can change by more than 100 
%. There i s  usual ly  a t ime in te rva l  between f i t - up  
bo l t i ng  and f i n a l  t ightening on a jobsite. 

TORQUE CANNOT RE RELATED TO PRELOAD 

The torque resistance of a fastener assembly i s  said t o  be 
caused 50% by the thread/thread interface, 40% by the nut  
face, and only 18% by the stretching of  the b o l t  i t s e l f  ( ref  
4). While these proportions vary somewhat with size and 
grade of  b o l t  ( re f  ll), i t  i s  evident tha t  a large change i n  
torque resistance can occur without a very large change i n  
b o l t  preload. 

To i l l u s t r a t e  t h i s  point ,  (Figure 11) b o l t s  from two jobs i tes 
were returned d i r e c t l y  t o  a laboratory where they were a l l  
brought up t o  precisely the 70% preload leve l ,  and t h e i r  
torque resistances were accurately measured. Torque 
resistances of from 100 t o  600 f t - l b .  were measured, a l l  
bo l t s  being a t  the same 70% preload leve l .  

Notch ( re f  6) has measured the "Torque-Tension" re la t ionship 
on a pro ject  i n  Houston, for  1" and 1 1/4" bo l t s  (see Figure 
12 and 13). He found the standard deviations of torque 
resistance were from 30% t o  40% of  the mean values! (Figure 
14). 
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Grgas at the University of Toronto (ref 8) collected nut 
factor data from 231 bolts taken from the field (Figure 151, 
and found that the nut factors varied from 0.125 to 0.535, 
with a standard deviation of 21% of the mean. In this 
report, he found that a specific tension was produced by a 
torque which varied from +40% to -30% from the mean. 

TORQUE BECOMES THE DEFAULT METHOD FOR INSTALLING BOLTS 

Calibrated wrench installation of bolts is prohibited in 
Canada (ref 1 2 ) ,  and its use is qualified by countries other 
than the USA (ref 13) to such an extent that it is rarely 
used. In the USA, however, it is still allowed, although the 
Research Council (ref 14) has seen fit to write several pages 
of commentary stating that its use should be considered as a 
last resort. Even the AISC (ref 15) has gone on record that 
its use should be discouraged. 

Turn-of-nut procedures often become essentially torque 
controlled for the reasons mentioned above, and, where strain 
controlled installation methods are not used (like Direct 
Tension Indicators or Biach tensioners or Huck bolts), torque 
becomes the usual inspection method. 

But the extreme variability of torque often defeats the 
installation method, right from the start. Bolts are 
installed using impacting equipment, and as long as the 
torquing force is present, the combined torsional and tension 
stresses can lead to bolt failure before the required preload 
has been achieved (Figure 16). High frictional resistance 
can cause an installer to believe that a bolt has been 
"tightened" sufficiently, or indeed almost fractured 
torsionally as it occasionally will be, whereas the bolt can 
be virtually untensioned at all as ultrasonic inspection has 
shown. 

"Twist-off'' bolts, where the bolt shank is engineered to 
break off at a specific torque, are another example of torque 
installation, with the added variable of twist-of f torque. 
This type of fastener is subject to all the variability of 
any other bolt/nut assembly, and, even worse, is usually 
impossible to inspect even with a torque wrench. 
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BETTER TECHNOLOGY I S  AVAILABLE 

Stra in  control led b o l t  i n s t a l  l a t i o n  i s  now considered 
standard pract ice i n  many indust r ies  other than s t ruc tu ra l  
steel  ( re f  16, 17). Biach tensioners, which p u l l  the b o l t  
i n t o  d i r ec t  tension hydraul ical ly ,  have now been used i n  some 
c r i t i c a l  movable br idge applications. Deformable nut , 
fasteners such as the  "Huck" product have proven t o  be 
economical on occasion. 

The most often encountered a l te rna t ive  t o  torque dependence 
i s  the compressible washer, ca l led  by ASTM a "Direct Tension 
Indicator" ,  or D T I  (see Figure 17). It i s  usual ly  i ns ta l l ed  
under the head of  the bo l t ,  and simply compresses t o  a 
minimum gap (or less) a t  the speci f ied b o l t  preload. D T I  's  
are not dependent on torque i n  any way ( re f  11), and make 
inspection of the bo l t i ng  process easy and accurate. 

I n  the laboratory, the D T I  demonstrates a mean load of 18% 
above the minimum specif ied, and a standard deviat ion of  2.5% 
(Figure 18). F ie ld  studies using u l t rasonics (ref 8 )  show 
s imi lar  mean values and only a s l i g h t l y  wider standard 
deviat ion of about 12% (Figure 19). These resu l t s  compare 
very favorably wi th the preloads needed t o  assure non-slip 
connection performance. 

When p lo t ted  on the b o l t  tension/elongation curve i n  "torqued 
tension", the frequency d i s t r i bu t i on  of  preloads a t  the  
specif ied minimum gap can be shown as i n  Figure 20. 
Following industry p rac t i ce  t o  compress the DTI's t o  a " n i l "  
gap w i l l  ra ise  the expected preloads jus t  s l i g h t l y  higher. 
The use of a D T I  al lows the i n s t a l l e r  t o  judge "by eye" when 
the minimum preload has been exceeded. 

INSTALLING BOLTS TO YIELD OR ABOVE 

It i s  not an easy concept t o  grasp, but the best bo l t i ng  
minds i n  the world (ref 2, 17) have concluded that ,  i n  
v i r t u a l l y  every appl icat ion, preloading the b o l t  t o  y i e l d  
(0.2% o f f se t )  o r  above w i l l  enhance the service l i f e  of the 
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connection. This aoplirs to tension loading. shear before - .  
&lip, prying, and fatiiue. High preloads will minimize the 
possibility of tension loss. Also, the addition of a 
compressible element in the clamp of the bolt can "soften" 
the bolt response to external load (ref 17). 

Once the torquing effort of installation is removed, the bolt 
can behave in load/elongation as a bolt in pure tension 
(Figure 21). Even though the bolt has been almost torsionally 
broken during the combined stresses of installation, it will 
still demonstrate performance to minimum specified ultimate 
tensile strength (ref 17). Even bolts which have begun to 
"neck" during torque installation will perform to 
specification in tension after the torque wrench has been 
removed. 

This is not a recommendation for intentionally straining all 
the bolts to the point where they begin to neck. But if some 
bolts in a connection happen to have been necked, and if some 
bolts have actually been broken land replaced), it is a sign 
that the majority of bolts probably are getting installed to 
the correct level of preload or above. 

CONCLUSION 

Loosening bolts in any type of structure will be minimized by 
maintaining installation and inspection practices which are 
torque independent, and which are aimed at obtaining bolt 
preloads uniformly in excess of the minimum preloads 
specified in the applicable codes. 
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