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Research in Fiher-Reinforced
Shotcrete: Bringing Science to an Art

N. Banthia, Universily of British Columbia, Canada

“ir-;turically‘, and for reasons not cnlirely clear, sholerele re-
search has somehow remained out of the milicu of academic
research. Things have, however, changed in the last tén years,
and universities and research institutions are joining hands with
industry to carry out comprehensive research in shotcrete mate-
rials and processes. While this partnership has resulted in unpar-
alleled advances in beller equipment. a clearer understanding off
process variables such as rheology and rebound, improved fibers,
better admixtures, rational design guidelhines, and shotcrete with
better overall durability, much further work remains to be done.
Following 15 a briet account of some of the issues at hand, and
areas where research will help.

Shotcrete vs. Cast Concrete
One very important recognition has been thal shotcrete is not just
another concrete, Placement using pneumatic compaction and lack
of forms in shoterete requires mixture designs that are very dif-
ferent from conventional concrete. Once in place, shoterete has
different spatial distribution of various components. Water in dry-
mix shoterete, given that it is introduced only at or near the nozzle,
15 less umiformly distributed through the placement than in cast
concrete. In the wet-mix process, although the water 15 uniformly
distnbuted, the pneamatic compaction results in mternal voids
that are different in size-ranges and spatial distribution than in
cast concrete. The lack of bleed channels in shoterete produces a
material with different internal structure and trapsport properlies
than traditional cast concrete. It is not surprising therelore that
sholcrete depicts differcnt rheology, strength gain mechanism,
compressive/tensile strength ratios, creep characteristics, and
deformability than cast concrete. Challenges therefore exist to
clearly understand the difference between shoterele and cast con-
crele on the basis of physical, mechanical, and trunsport properties.
In the case of hber-reinforced shoterete, it follows from the
discussion ahove that the morphology at the fiber-matrix inter-
face is different from that in cast concrete, and hence the fiber-
matrix bond also depicts a different constitutive response. This is
further complicated by the fact that, in shotcrete, fibers are dis-
tributed in a two-dimensional random fashion perpendicular 1o
the direction of shooting. Fiber-reinforced sholerete is, therefore,
an anisotropic material with fiber reinforcing efficiency very dif-
terent from its cast counterpart,

The Rebound Issue

One ever-pressing challenge with shotcrete, especially dry-pro-
cess shoterete, 15 the high rebound of both materisl and fiber;
nearly 20 to 40% of materal, and up to as much as 75% of fiber,
may be lost through rebound. While the use of various mineral
admixtures (silica lume, carbon black, high-reactiviry metakaolin,

and [y ash) has helped, we are sull quite {ar from reducing the
rebound to an acceptable level. (1)

An additional concern arising from an excessive rebound is
that the rebound material is compriscd primarnly of aggregates,
and this increases the nsk of shrinkage cracking in shotcrete.
While some recent tests (2) have shown that Rber reinforcement
is very helpful ar controlling shrinkage (Figure 1), a lot still re-
mains to be done. A slandardized method {or assessing the shrink-
age crack control of fibers or other chemical admixiures is also
critically needed.

Using particle kinematics in a shoterete stream, 1t 1s only re-
cently that sophisticated models have been developed Lo describe
the process of rebound. (3) In the case of fiber, although a gen-
eral model of rebound is not yet available, two recent studies
have shown that fiber rebound is proportional to its specific pro-
jected area and also to a specilic fiber parameter called the modi-

fied aspect ratio (INd). Reduction of fiber rebound in shoterete

remains a challenge.

Fracture Toughness

Requirements of material deformability, toughness, and energy
absorption are often greater in shotcrete than in conventional con-
crete, and hence, toughness 1s by far the most researched prop-
enty of fiber-reinforced shoterete, The industry is, however, still

Figure 1. Shrinkage crack contirol in shoicrete due to fiber
reinforcement. Texty were conducted in an environmenial
chamber at the University of British Columbia, with an
evaporation rale of about 2kgdm-/h.
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struggling with the 1ssues surrounding standardized testing for
fiber-reinforeed shoterete toughness. Both beams and plates are
being promoted, but a clear consensus does not exist for either.

All owr efforts in the field ol toughness charactenzaron have
been focused solely on guasi-static loading, while it 1s well rec-
ognized that loading in real life may occur at different rates, For
instance, in many cases, rapid ground movements, rock-bursts
und rock-gjections may occur with
dynamic energy releases in excess
of 100 kJ/me, and this may induce
very high straun-rates in shotcrete,
Preliminary research has indicated
that some fiber shotcretes may
demonstrate brittle fracture under
impact loads, and this is worri
some from the perspective of hu-
man safety. Strain-rate sensitivity
of both plain and fiber-reinforced
shoterete must be thoroughly stud-
ied and understood. Equally im-
portant 1s to understand both full-
scale and structural responses.

There have also been signifi-
cant advances towards developing
new chemical admixtures and fi-
bers. One steel fiber recently de-
veloped has its hasis in the double
anchoring concept. Another notc
worthy development has been the
advent of high-performance syn-
thetic fibers made with polyolefin
materials, Some of these synthetic
fibers have been deformed and
coated with surfuce chemicals o
improve their bond with concrete
and to circumvent the problem of
a low modulus.

Design of shotcrete suppuort
systems still remains mainly em-
pincal, and rational structural de-
sign guidelines are needed. Advan-
tage should be taken both of the
new material toughness character-
1zation schemes as well as results
of full-scale tests that are now
available.

Some Environmental
Opportunities

The use of mineral admixtures,
which are mostly industrial
byproduets, is growing in shot-
crete. Shotcrete thus olters an op-
portunity for their safe disposal.
For shotcrete, the aesthertics and
other architectural reguirements
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are often not as critical, and this offers numerous opportunities
for disposal of post-consumer waste products. One such environ-
mentally friendly proposition is the use of recycled concrete ag-
gregate in shoterete. It was recently shown (4) that by properly
blending recycled concrete aggregates, highly pumpable and
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placeable shotcrete mixes can be developed
with rebound that 15 actually lower than in
shotcrete made with virgin aggregales.
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shoterete linings. The control period was
extended to October 1997, At the end of
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the testing period it was decided w ap
prove this new shoterete method for per-
manent support. Due to the weak rock,
deflections in the support layers are pos-
sible. To be able 1o deal with this possi-

Camphbell, K, MASc Thesis, The Uni- | bility 1t was decided to spray only half
British Columbia, | the thickness of shotcrete just after

mucking out and spray the final shotcrete
thickness afler the next mucking out, The
total thickness of the shotcrete layer was
250 mm (1010} on average, which means
some 7 m' (247 (1Y) of shoterete per meter
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aimed at providing the shotcrete with a
layer of similar load carrying capacily Lo
the fully cast lining, In addition a 2 by 2 m
pattern (62 by 64 ft) of 3 m long (10 ft)
grouted rock-bolts were installed, ap-
prosumalely 3-5 davs alter hinal spraving.
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