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This is part of a Sunday series of tech talks, on various energy-related technical subjects. Last
week I was talking about building tunnels, and tunnels need roof support.

In the last Tech Talk, I discussed the use of rock bolts as a way of building, from relatively boken
bits of rock, larger packages that could brace themselves against one another. In this way, as they
moved into the underlying opening, they would act in the same way the blocks of a Roman Arch,
and would become self-supporting. I have crudely tried to show the blocks with this figure:

Block building using rock bolts (after Jack Parker).

The intent is to create a compression zone just behind the face, and this can be shown with a
photoelastic model, where a set of bolts is used to generate a central compressed zone. The black
lines show zones of different compression, and while the bolts are tensioned, they compress the
material between the ends.
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and would become self-supporting. I have crudely tried to show the blocks with this figure:

Block building using rock bolts (after Jack Parker).

The intent is to create a compression zone just behind the face, and this can be shown with a
photoelastic model, where a set of bolts is used to generate a central compressed zone. The black
lines show zones of different compression, and while the bolts are tensioned, they compress the
material between the ends.

Photoelastic model of bolt strengthening (after Lou Panek).

Using that model also allows me to point out the snag in just using bolts. You can see the small
areas of tension between the bolts, where the compression cones from the plates has yet to
intersect. Well, if there are small loose pieces of rock there, they will fall out. And over time this
“raveling” will get worse, so that any rock at the edges of the compressed pieces that crushes can
also fall out. Over time this may mean that a critical block is no longer held properly in place, and
it may collapse, bringing down the entire roof.
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But when that raveling started, it was very small, and only the weight of the individual small
pieces caused them to fall. This can be stopped, therefore, from happening by putting a layer of
chicken wire (so-called because we used to use it to build chicken coops) between the bolts. This
has no great strength in itself, but it holds the small pieces in place, so that they can’t fall out, and
if they are still there, then the small pieces above them can’t fall out either, and so with a
relatively weak addition, we gain longer term strength.

The snag, however, in today’s society, is that putting up chicken wire between bolts – since it has
to be inserted between the bolt plate and the wall, is labor intensive, and slow. So, perhaps we can
replace this thin metal support with something else – how about spraying on a thin layer of
concrete?

The concrete can be kept relatively dry, and accelerators can be added to it, so that it can set
very quickly, and in this way it is possible, using compressed air, to apply a layer of concrete up to
about 6-inches in thickness to the wall, almost as a single layer. (There are application skills that
are needed to do that over one’s head). Now we have build a relatively solid wall that the small
stuff can’t get through, and the natural arch can build in the surrounding rock.

Applying shotcrete with the operator well back from the face (Evert Hoek)

(As a passing comment for those of a technical bent, concrete sets up as a relatively rigid liner and
to get the rock walls to move and support themselves you shouldn’t therefore apply it too soon
after making the opening, but if you have to, because the rock is really bad, you might put wooden
strips in the shotcrete to give compression members so that the support can yield).

It is not, obviously, quite as easy as it looks, and it has the snag that after you have applied a
layer, it is hard to tell what you have covered up. (Though I have only heard of one job where it
was stripped off and re-applied). Questions of chemistry and operator skill all play into getting it
put on correctly, and if you are covering over a wet rock, you should allow a path for the water to
get out, otherwise the shotcrete might peel off after a while.
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Drains in a shotcrete wall. (Evert Hoek)

There is one further thing that can be done, and that is to add small fibers of steel or fiberglass.
The problem with concrete is that it is not that strong in tension, and when the tunnel moves,
there can be some pull or bending of the liner, that could allow it to crack. But by putting less than
5% fiber into the mix, a much stronger layer can be created, especially if a small amount of silica
fume is added to the mix, to both help lubricate the mix, and also to improve bonding.
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Wires used to reinforce sprayed on concrete (shotcrete).

When this idea was first introduced, it met with a lot of cynicism. And obviously it is not the
answer in all cases (swelling and plastically deforming rock in particular can cause problems). But
the story that I used to tell was of the operation on the West Coast. They were tunneling under a
relatively poor sandy rock, that would not stay up. They had strong steel girders for support, and
wooden lining between the arches, and still the walls were deforming into the opening.

Then, almost in desperation, they tried spraying the walls with shotcrete, before putting in the
arches, and then spraying over those. After a while they increased the spacing between the
arches. Then they replaced them with lighter arches, then they continued without arches.

The major advantage that shotcrete provides, particularly when it is combined with rock bolts
and the judicious use of steel arches, is that of flexibility. As I mentioned in an earlier post, when
you used to drive a tunnel under a harbor, for a certain metro system, you designed the tunnel
for a certain estimated condition, and ordered the steel girders ahead of time. If conditions got
worse, then you were out of luck, unless you were a lawyer.

However, with the shotcrete, bolt and arch system, the contractor, the owner and other
interested parties can have their engineers meet about every 100 ft of tunnel advance and decide
if the conditions are getting worse. If so, then the shotcrete can be sprayed on a little thicker, the
bolts moved a little closer, or light arches inserted. And the converse can also occur, with less
support if it is not needed. This flexible approach became known as the New Austrian Tunneling
Method, and while it was for a while very controversial, is now much more widely accepted.
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