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ew fastener engineers had a better understanding of bolted/screwed joint 
economy and performance than my mentor and teacher in fastening 

technology, Carl Dock of Sweden. Unfortunately, Carl passed away earlier this 
year and will be greatly missed on both sides of the Atlantic as a great person 
and fastener expert in ISO and many other areas. Carl developed the IPC con-
cept (In-Place-Cost) that takes into account all aspects of a joint, such as dril l-
ing, tapping, purchasing, inventory keeping, handling, assembly, drive systems 
and other related issues. From this concept, many new fasteners have been 
developed, particularly in the area of thread rolling screws, screws and nuts with 
captive components (i.e. Sems) drilling screws, etc. 

This section will look at ways of optimizing a joint system in order to find the 
best solution based on performance and economy. In Figure 1 we have details 
of a machine using 3 M24x90 8.8 bolts, Class 8 nuts and hard washers (HRC2O 
mm) to connect two parts with external loads going in both axial and transverse 
directions. The axial load FA, 75 kN (approx. 17 000 lbf), and the transverse load 
FQ, 30 kN (approx. 6 750 lbf), are carried by the 3 M24 bolts. This is the worst-
case scenario for bolted joints; side loads are very tricky to deal with if we wish 
to have a frictional hold rather than a pure shear joint (which is a lot easier to 
design). This is particularly true when we also have an axial component trying to 
separate the clamped parts, thereby decreasing the pressure in the parting 
plane. 

By using the 3 “big” bolts we are able to carry the two loads (FA and FQ), but 
if we look at the loading plane we find that the actual joint areas between the two 
joined plates are somewhat limited. A good approximation of the actual joint 

area diameter, having two plates of the 
same thickness, is to add the bearing 
surface diameter of the bolt head or nut 
face (DW) and the thickness of one of the 
plates (or DW + 0.5LC, where LC is total 
clamping length). In our case we have 
voids in the load distribution, and those 
voids will not help in preventing slipping 
between the two planes. I have used the 
design guideline VDI 2230 (German En-
gineering Society) to calculate and verify 
this joint and SR1 (a software based on 
VDI 2230) for the optimizations. VDI 
2230 is, in my opinion, the most sophisti-
cated calculation base for highly 
stressed bolt joints in existence today. In 
my engineering classes (Fastening 
Technology and Bolted/ Screwed Joint 
Design) I use the VDI approach since it 
is much superior to materials in our cur-
rent college textbooks. The first edition 
was issued in 1976 and the latest edition 
in February 2003. 

Figure 2 is a principal printout of one 
of the bolt locations, where the total 
loads have been divided by 3 (the num-
ber of bolts). Even with the VDI and SR1 
we still have to break down a multiple 
axes joint into single axis bolt locations. I 
have written some explanatory notes on 
the table drawings in this chapter to fa-
miliarize you with some of the terms (ab-
breviations are from German). In this 
case we are using 90% of the bolts yield 
capacity, which is right at the proof load 
level (stress under proofing load). The 
Rp0.2 and proof load have been ad-
justed to take the torsional effect (thread 
friction during tightening) into account.  
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Figure 2 
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All safety factors are above 1, which is normally acceptable, two are danger-
ously close, namely 1.01 against risk of coming loose and 1.06 against possibil-
ity of slipping. Since the latter is crucial to this design (with a side load of 309 
kN) we may consider a redesign to improve these numbers. To go higher than 
90% of Rp0.2 (yield) is risky business with a torque wrench, however well cal i-
brated (it will still cause a typical tension scatter of ±23% alpha A=1.6). The al-
pha A factor is the ratio between the highest assembly load and the lowest 
caused by the relative inaccuracy of the tightening equipment. Therefore, a de-
signer would likely think in terms of bigger bolts. The next larger standard size is 
M27, so let’s see what difference that would make for this joint. 

In this case we are backing off to using 80% of yield since we can produce a 
residual clamping force FKmin of 81002 N, only needing about 65000 N. This 
alternative gives us good safety factors, but at the expense of cost. Using list 
prices from a 1998 catalog, the cost of the M24 example with 3 bolts M24x90, 3 
M24 nuts and 6 hardened washers would be $26.70. With the M27 alternative 
the cost will more than double to $68.49! Not a very good prospect when every-
body is pressured to play it economical (or even cheap). Add to that the cost of 
larger size holes to drill and much higher torque values. From an IPC standpoint, 
this is not a desirable direction to go. 

Since this design leaves rather big distances between the bolts (when using 
3) and uneven clamping on the total joined surface, we may want to try to use 
more and smaller bolts. Our next option could be to use 5 M20x80 8.8 bolts with 
nuts and hard washers. We can use 10 mm shorter bolts, since nuts and was h-
ers are a little thinner. As we can see in the safety factor table in Figure 4, we 
have as good or better result with 5 M20 bolts as we had on 3 M27 bolts. Also, 

the cost for this alternative with 5 
M20x80 bolts, 5 M20 nuts and 10 hard 
washers is $24.70 or about the same as 
for the original M24 alternative. So, 
smaller is often a better solution than 
going bigger! Of course, there will be 2 
more holes to drill and 2 more nuts to 
tighten, but since they are also smaller it 
will not be that much of a difference. The 
IPC (In-Place-Cost) will not change very 
much, but the quality of the joint will be 
vastly improved. 

When we are on the roll of optimizing 
this joint, let’s find a way of engaging the 
entire “stretch or row” of fasteners so 
that we have a better, continuous pattern 
for the frictional hold. We could look at 
the bridge builders and steel contractors 
for some principal approaches to this. 
Next time you drive past a bridge, take a 
look at the tight bolting pattern used to 
connect the beams for the span. (But 
keep your eyes on the road so you don’t 
run into the bridge!) 

This technique, with a close bolt pat-
tern, develops a large friction surface, 
which will help the joint to stay close 
even when high transverse loads act on 
the bolted joints in the bridge span. If we 
“mimic” this approach for our mechanical 
joint, we can perhaps go one step further 
and use M16 fasteners. Let’s see how 
this would work. (See Figure 5.) 

Using the SR1 software I was able to 
carry out a variety of options for M16 
fasteners relatively quickly. The best 
alternative proved to be using 6 M16 
bolts in Class 10.9 (Figure 5). Since 
the machinery is to be used indoors, 
we did not need, for corrosion pro-
tection, any other surface treatment 
than the phos/oil that we usually get 
on these i 0.9 (Grade 8) products. 
Also, because of the strength of the 
material, only 75% of Rp0.2 (yield) is 
necessary for the preloading., As 
you can see in the safety factor ta-
ble, we have almost as good values 
as we had for M20 and M27, and a 
lot better than the original M24 de-
sign. And the best part of all, the cost 
for 6 bolts, 6 nuts and 12 hard 
washers is now only $14.70, or 
about half of the original design. 
Even with more holes to be drilled 
and more (but smaller) fasteners to 
be tightened, this may be the lowest 
IPC of all the alternatives discussed 
here. With a mean torque of 243 Nm 
(179 lb ft) instead of 630 Nm (465 Ib 
ft) it will be a lot easier to tighten 
these M16 fasteners using smaller 
torque wrenches and improving the 
ergonomics. 
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Figure 5 
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In figure 6 we can also see how the clamped “bodies” are developing 
a continuous pressure area, taking advantage of the better frictional 
hold we get with better spacing. This tight pattern is an absolute neces-
sity if a joint is gasketed, because voids in the parting planes can cause 
leaks to develop. Gasket pressure should be kept uniform. There are a 
couple of other advantages to using smaller fasteners. The ratio be-
tween the diameter of the fastener and the clamping length is larger, 
which gives us more favorable elasticity signature of the joint (stiffer 
joint, springier fastener). Therefore, more of the external, axial load FA 
will be absorbed by the compressive energy in the joint and less will go 
to the pre-loaded fasteners due to increased diameter to clamping 
length (d/LC) ratio. Additionally, the endurance (fatigue) limits for smaller 
fasteners are higher per thread stress area unit than for larger diameter 
fasteners, which could be very important if external loads are cy-
clic/alternating. 

The major lessons we have learned from optimizing the joint as we 
have done above is basically: 

1. Bigger is not always better. 
2. The geometry of the joint should be taken into account for best 

joint elasticity signature. 
3. Transverse or combined loads require a lot more preload than 

pure axial loads. 
 
The VDI 2230 Guideline  
If we had calculated the joint alternatives discussed above by hand 

following the VDI 2230 it would have taken many hours because of the 
complexity of the mathematics and the many variables included. Having 
said that, the fact of the matter is that a highly stressed bolted/screwed 
joint is most often very difficult to design, particularly if “overdesign” is 
not an option due to economics and other restraints. For the serious 
design engineer involved in highly stressed bolted/screwed joint design, 
having access to the VDI 2230 Guideline is something I always recom-
mend my students. It is now also issued as a German/English version 
(February 2003), which, of course, makes it a lot more accessible to the 
engineer in the U.S. It can be obtained from the publisher of all VDI 
guildelines: 

Beuth Verlag GmbH 
Burggrafenstrasse 6 
D-10787 Berlin 
Germany 
Web: www.beuth.de 
 

Software Version SR1 
A very convenient way of making 

quick calculations of options can be 
found in SR1, a software program 
that contains not only the VDI 2230, 
but also other important data. It was 
developed by Ralph Shoberg of RS 
Technologies in Farmington Hills, Ml 
in cooperation with Fritz Ruoss, a 
programming expert from Hexagon 
Software in Germany. With SRi we 
are able to analyze and verify our 
bolted joints more easily and accu-
rately. This software can be obtained 
from: 

RS Technologies  
24350 Indoplex Circle 
Farmington Hills, Ml 48335 
Phone 248-888-8260 
Web: ww.rstechltd.com 
Before we start using computer 

programs, however, we must fully 
understand what kind of “numbers” 
we are entering. No software in this 
design area will “think” for us. It will, 
however, speed up the verification of 
the designer’s intentions and give us 
opportunities to quickly develop al-
ternative solutions. The same thing 
applies to FEA (Finite Element 
Analysis) used by many engi-
neers/designers today. Although 
very sophisticated, FEA does not 
design for us, but if properly used it 
give us very valuable guidance in our 
own decision mak ing process. 

In closing, big is not always bet-
ter. Lean, mean and flexibility usually 
wins!  
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