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ground control problems, and erosion vary

greatly throughout North America. Thisis
mainly because of the vastness of the continent;
different climates, rainfall, and humidity; as well
as, in somearess, freeze-thaw and snow conditions.
Identifying a simple solution for slope stabili-
zation that will work everywhere in North
Americaisimpossible. However, there are places
where a simple solution is possible using fiber-
reinforced shotcrete (FRS). The purpose of this
paper isto describe some applicationswhere FRS
has produced satisfactory results, with reasonable
costs and often with a significant reduction in
total construction time. The use of shotcrete for
slope and rock stabilization hasincreased substan-
tialy in the past few years. This paper explains
why some design firms and contractors are
switching from wire mesh and rebar to fibers.

s oil and rock slope stabilization issues,

Reduction of material —FRS allowsthe shotcrete
to follow the contours of the slope. It is difficult
to position mesh and rebar at a uniform height
over uneven ground surfaces. Extra shotcrete is
required to build out from the ground surface and
provide cover for the mesh or rebar.
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Figure 1: Mesh reinforced shotcrete—frost heave damage—Montana, 1999.
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Reduction of labor—It takeslesstime and skill
to reinforce shotcrete with fibers than with mesh
or rebar. Fiber reinforcement isan advantage when
skilled labor isvery expensive or unavailable. The
reductionsin labor and material create the poten-
tial for an accelerated schedule and additional
savingsin other areas.

Slope Stahilization

Design Considerations

Choosing between steel fibersor mesh for apartic-
ular project ismade easier if wereview the design
considerations for dope stabilization. The following
isalist of factorsthat the designer should keep in
mind for slope-stabilization projects:

Sope height and angle—Steep slopes are often
difficult or impossible to place mesh and rebar on
without special equipment such asmanllifts, which
aresituated on the stabl e roadway bel ow the project.

Ground surface condition—Pinsmust bedriven
into the ground to hold the mesh or rebar in place.
This can be difficult depending on the type of soil
or rock. If theground surfaceishighly fractured or
uneven, it may be difficult to achieve the required
cover on both sides of the mesh and rebar.

Ground water—Drainage must be provided to
prevent the buildup of water pressure on the back
of the shotcrete facing. Weep holes, geocomposite
drainage board, and horizontal drains are all
common ways of removing water.

Rock bolt or soil nail spacing—If rock bolts
or soil nails arerequired for stability reasons, the
shotcrete facing must be designed to span between
the anchors.

Earth pressuresand arching ability—Soil nail
facings will develop positive bending moments
in the sand and midspan between nails, and nega-
tive bending moments at nail-head locations. The
magnitude of these moments depends on the soil
strength. Conventional mild steel reinforcement
may be placed in specific areasto resist large
moments that exceed the capacity of steel fiber-
reinforced shotcrete alone. The conventional
reinforcement (rebar or heavy mesh) will also add
someductility in shear friction to prevent apunching
failure (Smith, Pearlman, and Wolosick 1993).

Freeze-thaw problems—Special consideration
needsto be given to frost-susceptible soilslocated
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in freezing climates with access to ground water.
If ice lenses are allowed to form beneath a
shotcretefacing, it isdifficult to keep the shotcrete
from cracking or heaving (see Figure 1 and 2).

Fiber-Reinforced Shotcrete
Design Considerations

There are many types of slopes that can be
supported with shotcrete, and the variables
involved in the design of each slopewill vary. As
a result, the loading conditions will be different
for every job. Theloading conditionsmust beknown
to determine what type of fiber will work best for
each application and the optimum fiber dosage.

Fibers are generally classified as providing
either secondary or structural reinforcement.
Secondary reinforcement indicates that the
primary purpose of the fiber isto reduce plagticand
restrained drying-shrinkage cracking. Structural
reinforcement indicatesthat the fiber isintended
to replace wire mesh reinforcement. Slope- and
rock-stabilization applicationstypically requirethe
strength provided by structural fibers.

There are many types of steel and synthetic
structural fibers. The physical properties of these
fibers are well documented. Extensive tests have
al so been performed on fiber-reinforced shotcrete
specimens. Standard ASTM testsmay be performed
to measure the flexural strength and toughness of
fiber-reinforced shotcretes. These tests may be
used to verify the quality of fiber-reinforced
shotcrete placed in the field.

Itisnot theintent of this paper to discussfiber
types, performance, or toughness in great detail,
but it is important to note that choosing a fiber
and proper mix design can be the most critical
decision that a designer makes when considering
FRS for slope stabilization. Clearly, each project
is unigue and must be treated as such.

Shotcrete may be placed using either wet- or dry-
mix methods. Wet-mix shotcreteis used whenever
possibleto reduce excessive rebound. However,
thereare places, especialy inremote areas, where
dry-mix shotcreteismore cost-effective, especially
onsmall projects. Most dry mixeswork well with
fibers, provided a proper mix design and proper
equipment for placement are used.

Mix designs should be selected for each appli-
cation, with a few rules of thumb in mind. It is
best to use a mix design that meets the need
of the application without being too expensive.
However, it is now considered common practice
for most FRS projectsthat the mix design should
include silicafumeif the shotcrete is going to be
applied on a hard surface. Silica fume improves
the adhesive properties of wet- and dry-mix
shotcrete, enabling the silicafumeto stick to

Shotcrete » Summer 2002

Mesh reinforcement

.
.

7 !

Dramix® steel wire fibers

The fibers give resistance to
tensile stresses at any point
in the shotcrete layer.

Homogeneously reinforced
concrete with excellent density
and impermeability prevents the
formation of water passages.

The use of steel fibers
allows the shotcrete

L (o better follow the

. contours of the slope.

Figure 2: Cross section of shotcrete lining (Bekaert Corp., 2002).

Table 1: Fiber types—examples of different types of steel

fibers used in sprayed concretes (Banthia, 1999).
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inclined and vertical surfaces better. Avoid using
excess water or accel erator, asthese additions
make aweaker concrete/shotcrete (Morgan et al.
1987, 1988b; Morgan and Neill 1991).

Dry Process Mixes

Most mixes contain ordinary portland cement,
sand, and aggregates that have been put through
a screen to ensure that there are no big rocks to
clog up pumps, ruin equipment, or delay projects.
Research and experience points to increased
popularity of the use of fly ash and silicafume,
as discussed previously. Table 2 shows atypical
design for steel fiber-reinforced shotcrete (Wood
1992), whichisused quitealot in North America
(SA. Austin).

Wet Process
Thewet mix must be designed to suit each partic-
ular job site. If the stedl fibersare added at abatch
plant and trucked to the job site, they must be
added according to the steel-fiber manufacturer’s
direction. Most of the directions will be similar
to Table 2.

The wet-process shotcrete is affected by the
aggregate size, pumping distance, efficiency of
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Table 2: Seel fibers used in shotcrete should never be longer than 30 mm

long, unless special large nozzles are used to spray the SFRS.

Material/Property

Comments

Cement content
Silica fume

Aggregate gradation

18 to 21% by mass of dry component.
8 to 13% by mass of cement.

ACI 506R-90, Table 2.1, Gradation No. 1, or (more
commonly) No. 2.

Steel fiber type
Aspect ratio

Steel fiber addition rate

High strength, deformed, drawn, or slit sheet steel fibre.
Length: Equivalent diameter ratio of 50-70.

50-80 kg/m’ (85-135 1b/yd®) depending on required
toughness.

Admixtures

1. Water reducers used in wet-mix shotcretes at about 0.5 1/
100 kg cement (8 fl.0z/100 Ib cement).

2. Superplasticizers required in wet-mix silica fume shotcrete
at 1 to 1.51/100 kg cement (16 to 24 fl.oz/100 Ib cement).

3. Air entraining admixtures used in wet-mix shotcrete where
freeze-thaw durability important (10 to 12% air content at
pump, 4 to 6% air content as-shot).

Accelerator

Dosage depends on accelerator type and required setting time
(2 to 5% by mass of cement typical).

Water-cement ratio

Slump

0.3 to 0.4 for dry-mix shotcrete.
0.4 to 0.5 for wet-mix shotcrete.

40 to 100 mm (1% to 4 in.) for wet-mix shotcrete.

Table 3: Summary of mix design concepts (Morgan, 1990).

Dry-mix Wet-mix
shotcrete shotcrete
Material kg/m? 1b/yd? kg/m* Ib/yd*
Cement 400 674 420 708
Silica fume 50 84 40 67
10 mm coarse aggregate 500 843 480 809
Concrete sand 1170 1972 1120 1888
Steel fibres 60 101 60 101
Water reducer —_ — 2L 52 fl.oz.
Superplasticizer — — 6L 156 fl.oz.
Air entraining agent — — if required if required
Water *170 *287 180 303
Total wet mass 2350 3961 2300 3876

Total water from premoisturizer and added at nozzle
(based on saturated surface dry aggregate concept).

i . £

#igure 3: Wet-mix sted fiber-reinforced shotcrete applied for soil nailing—
Connecticut (Photo courtesy of Schnabel).
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the pump, diameter of the hose, and required
output rate. Small aggregates are used not for
strength, but for pumpability. The addition of steel
fibers will reduce the slump considerably, so
water reducers are commonly used when the
shotcrete isto be pumped long distances so that
it can be pumped through the hose without
clogging it up and damaging the pump.

Fiber-reinforced shotcrete is new technology to
many shotcrete crews constructing soil and rock-
slope stabilization. It iseasily adopted, however.

The key to any successful shotcrete operation
isacorrect mix design. In general, aquality
shotcrete will pump and shoot well, regardless of
fiber content. The typical fiber dosage does not
usually require any major modificationsto the
mix design.

Fibers may be added to the shotcrete either at the
batch plant or at thejob site. If large quantities of
shotcrete and fiber are being used, aconveyor belt
may be set up at the job site to add fibers. If only
small quantities are needed, it is easier to place
bags in the truck by hand from an elevated, safe
platform. It only takes about seven minutesto add
fibers to the mixer truck using this method for a
full load.

The addition of fibers will cause a marked
decreasein slump. This, however, does not relate
to adecreasein pumpability. Water should not be
added to the shotcrete in order to increase the
slump. A vibrator may be mounted on the hopper
grateto movethe shotcrete through and help feed
the pump cylinders.

Good nozzleman techniques should befollowed
during shooting. Most fiber-reinforced shotcrete
adheres very well to soil or rock. Thick appli-
cations of shotcrete are easier to apply if the
ground surface is battered away from vertical.

Dry Mix
The dry-mix technique differsfrom the wet process
in that the mix isdelivered to thejob site, usually
in bulk bags, which are raised over the hopper of
the shotcrete gun. Thereare several brandsof guns
available that spray FRS shotcrete, steel fibers,
and synthetic fibers. Use the manufacturer’s
suggestions when using whichever fiber chosen,
or consult the fiber manufacturer for advice.
Thousands of yards of FRS dry mix is success-
fully applied each year in North America, but the
correct equipment is essential. The two most
common problems with the dry-mix process are:
1) Thewear pads on the shotcrete gun can wear
out quickly due to the abrasive properties of the
steel fibers. To solve this problem, it is best to
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use wear pads made of denser material such asa
neoprene material. The dense pads are a lot
tougher, and won't wear out nearly as fast as the
softer ones, and are not expensive. They alsowork
almost as well as the softer pads to abate dust at
the gun.

2) If the fiber of choiceis a synthetic fiber, it
is best to make sure proper equipment is selected.
This means that the material that exits on the
bottom of the gun needs to be larger than normal
openings. This opening in the gun is where the
shotcrete mix drops down into the hose on the
way to the nozzle. If the openings are not big
enough, the fiberswill get hung up and bridge on
each other, and they will block the exit. This, of
course, creates a severe problem, as none of the
material will get to the nozzle. Not all equipment
will handle the new structural synthetic fibers
without modification to the exits.

Fiber-reinforced shotcrete can be given a
variety of surface treatments, including natural
gun, screed, float, or trowel. If steel fibers are
used and aesthetics are an issue, a flash coat of
plain shotcrete may be applied to eliminate rust
staining. Rust staining istypically very minimal
because the fibers are usually covered with
cement paste from the mix. The photo of aproject
using steel fiber-reinforced shotcrete applied to
arocky slope in Provo Canyon, Utah, shows no
sign of rust stains. The shotcrete was applied in
1998. Even with afew years of exposuretorain,
ice, and snow, the shotcrete is holding up well.
This photo showsalayer of steel fiber-reinforced
shotcrete that now (2002) has abeautiful shotcrete
made to have a natural-looking rock surface.

Conclusion: Fiber-reinforced shotcrete for
slope stabilization and soil-nailed walls really
work. The process is simple, effective, and does
the job easily and quickly. Several shotcrete
contractorsin North Americahave switched from
standard mesh-reinforced shotcrete to fibers, and
they are not likely to switch back.
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Flgure 4; \\et-mix shotcrete 50|I nails—South Carolina (Photo courtesy

of Schnabd!).

Flgure 5 Steel fiber-reinforced shotcrete—Provo Canyon Utah 1998

(Photo taken 2002).
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